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1.0 INTRODUCTION

When fresh crude oil and/or refined petroleum products ~~e released

to the marine environment, they are irmnediately subject to a wide variety of

chemical and physical alterations. The most predominant weathering processes

include: evaporation; dispersion of whole oil droplets into the water column;

dissolution of selected aromatic components; adsorption of dispersed and dis-

solved hydrocarbons onto suspended particulate material; water-in-oil emul-

slficatiOn (or mousse formation); microbial and photochemical  oxidation; and,

finally, advective removal of dispersed and dissolved components from the

parent slick. Spreading and wind-driven drift of the surface oil from the

point of origin also occur; however, these processes are not considered as

weathering, per se. The magnitude and rates of these varying processes are

dependent upon the specific chemical materials involved and on such “environ-

mental” factors as turbulence, air and water temperature, suspended parti-

culate material types and concentrations, oil composition, iight intensity,

nutrient availability, and microbial composition and abundance. The purpose

of this program has been to investigate the rates and ‘extent of the physical

and chemical changes which occur to petroleum spills in the subarctic marine

environment as a result of the combined actions of these abiotic and biotic

factors. Among the processes examined and quantified are: Evaporation  ,

dispersion of whole oil droplets, dissolution of specific aromatics, microbial

oxidation, emulsification (mousse formation), and adsorption onto suspended

particulate material.

Our investigations have been designed to provide qualitative and quan-

titative information on the rates of loss and fates of specific compounds and

“pseudo-compounds” during oceanic weathering. Ultimately, the final product

or objective of this program has been to generate a cornt)~ned component-

specific and pseudo-component (boiling point or “distillation cut”) model to

simulate and predict spilled petroleum behavior as a result of physical/

chemical weathering. These models were developed to encompass specific com-

pound partitioning as well as overall oil mass balance considerations, and
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they have “been tested with observed chemical changes from laboratory-and field

experiments. The algorlthmi which constitute the working computerized model

can now be used in a predictive manner to determine the time-dependent

chemical compositions and theological properties of real or simulated oil

spills. The oil weathering processes included in the mathematical model are

evaporation, dispersion of 0$1 into the water column, dissolution, water-in-

oil emulsification (mousse formation), and oil slick spreading. When coupled

to trajectory models, such a ,physical-chemical weathering model should allow

environmental managers to better estimate the impacts from real and hypotheti-

cal oil spill situations. Furthermore, a thorough understanding of the time-

dependent compositions and concentrations of spilled petroleum mixtures

(including weathering products) will

biological effects experiments to real

While this study was initial

modeling effort confined to SAI’S La

aid in extrapolating the findings from

environmental situations.

ly envisioned to be an experimental and

Jolla facilities, it was necessary and

feasible to expand the program to include field studies in the Alaskan sub-

arctic environment of NOAA’s Kasitsna Bay laboratory facilities near Homer,

Alaska. Therefore, additional flow-through seawater aquaria and wave tank

experiments designed to simulate and quantify subarctic open ocean evapora-

tion, dispersion, dissolution, and microbial and photochemical  oxidation pro-

cesses were completed at that facility. Also, in conjunction with other NOAJ

contractors (Drs, Griffiths and Morita; RU 190), experiments were completed t

evaluate the long-term chemical fate of fresh and weathered oil in subtida

sediments. As an extension of the subtidal studies, additional field experi

ments were completed to examine the long-term (17 month) chemical fate o’

fresh oil in different subarctic intertidal regimes.

This final report is intended to be an independent document summariz.

ing the overall program’s activities to date; as such, it contains significant

sections which have been discussed in detail in interim and progress reports

The main body of the report is divided into eight major chapters or sections

Each section is intended to be a complete “stand alone” presentation o’
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various aspects of model development and verification of model pred?cted out-

put as determined by laboratory and field experiments. To expedite a more

thorough understanding of oil weathering processes, however, the separate

sections are extensively cross referenced. Section 2.0 contains the Executive

Summary of Program Activities for the overall study. Section ?.0 contains

detailed oil characterizations for Murban, Cook Inlet, Prudhoe Bay, and

Wilmington crude oils. Compound-specific analyses by GC, GC/MS and UV-

F?uorescence are ~ncluded along with true boiling point (TPB) distillation

“pseudo-component” characterizations and

determinations. Section 4.0 contains

development, including derivations of a’

Oil Weathering- Model. Two distinctly

the results of theological properties

details of the 011 Weathering Model

1 algorithms currently coded into the

different approaches to modeling 011

weathering behavior are considered, and these include a “pseudo-component”

distillation cut approach which accounts for overall oil mass balance, and a

component-specific evaporation/dissolution partitioning approach which is

useful for biological considerations.

Section 4.0 is ‘further divided into subsections which consider the

algorithms required for: modeling a well-stirred versus diffusion controlled

oil body (Sections 4.1 and 4.2); descriptions of component-specific

evaporation and dissolution (Subsections 4.3 and 4.5); the measurement of

Henry’s Law coefficients for predicting evaporative behavior (Section 4.6);

the

for

oil

for

oil

mathematical derivations required and experimental measurements necessary

measurement of diffusion coefficients of volatile components through an

slick (Section 4.7); the role of internal circulation within an oil slick

weathering of a thin oil film (Section 4.8); and the dispersion of whole

droplets into the water column. (Complete

used in the Oil Weathering Model are presented

Section 4.10 includes the algorithm development

listings of the computer code

in Appendices A through E.)

and mathematical derivations

which ultimately will be required for modeling oil/suspended part~culate

material (SPM) interactions. This section further considers:SPM concentra-

tions, size distributions and flocculation behavior as generated from cohesive

and noncohesive sediments; the process of spontaneous dispersion of whole oil
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droplets; the interaction of “oil particles” and “dissolved components” with

suspended particulate material  ; a description of the mode?ing  requirements for

studying the interaction of oil with suspended particulate material; and,

finally, the boundary conditions which will be required for modeling dispersed

oil/SPM interactions.

Section 5.0 considers the experimental program results generated from

studies completed in La Jolla, California and Kasitsna Bay, Alaska. Results

of experimental chamber evaporation/dissolution rate determinations at tempera-

tures ranging from 3 to 20”C are discussed, and compound-specific concentra-

tions in the oil, air, and water phases are presented as a function of time

and weathering conditions. Determinations of oil/water partition coefficients

required for dissolution modeling are considered, and then details of the

expansion of the La Jolla-based studies to outdoor evaporation/dissolution

studies in flow-through aquaria at Kasitsna Bay, Alaska, are presented. Ex-

tensive details are presented on the results of subarctic flow-through wave

tank experiments where changes In oil physical properties and spill behavior

are correlated with oil phase chemistry. Time-series dissolution of specific

aromatics in the wave tank systems are also measured and discussed. Finally,

the data from

and Kasitsna

predictions.

the La Jolla based evaporation/dissolution chamber experiments

Bay wave tank studies are used to validate

Comparisons of model predicted versus observed

dispersion, oil phase viscosity,

(as determined by percent mass d“

spills are presented.

computer model

measurements of

percent water incorporation, and evaporation

stilled considerations) for w-nter and summer

Section 6.0 presents the experimental results on measured oil/SPM

Interactions in beaker and wave tank studies, and then considers the long-term

fate of fresh oil stranded in different intertidal regimes characteristic of

southwestern Alaskan environments.

Section 7.0 presents the detailed results of flow-through microbial

degradation studies completed in conjunction with Drs. Farooq Azam and Osmoqd

1-4



Helm-Hansen at Scripps Institution of Oceanography, and similar experiments

completed at Kasitsna Bay, Alaska.

Section 8.0 presents the results of recent intercalibration  programs

completed through cooperative efforts with the NOAA/National Marine Fisheries

Service Laboratory in Seattle, Washington.

As noted above, Appendices A through E present detailed code listings

for various components of the overall weathering model. Appendix A lists the

entire computer code as it existed in December, 1983. Appendix B includes the

Oil Weathering Model User’s Manual which was published as a separate document

in July, 1983. Appendix C includes a code description for component-specific

dissolution. Appendix D includes a code listing for dispersed oil-

concentration profiles with a time varying 011 flux, and Appendix E includes a

code listing for dispersed oil concentration profiles with a constant oil

fl Ux. Appendix F presents analytical methods utilized throughout the oil

weathering program, and Appendix G includes the results of X-ray diffraction

analyses completed by Technology of Materials Company on suspended particulate

material used for oil/SPbl  adsorption studies. Finally, because the informa-

tion on long-term fate of sedimented oil is pertinent to the overall goals of

this program, the results of our collaborative efforts with Drs. Griffiths and

Morita of Oregon State University are included as Appendix H.
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2.0 EXECUTIVE SUMMARY OF PROGRAM ACTIVITIES

2.1 INTRODUCTION

The ultimate purpose or objective of this program was to develop a

computer model which would have predictive capabilities for oil-spill behavior

under real world conditions. Ouring model development, experiments were de-

signed and conducted in evaporation/dissolution test chambers, in flow-through

aquaria and in flow-through wave tanks under ambient subarctic environmental

conditions at NOAA’s Kasitsna  Bay field laboratory to provide the necessary

kinetic and thermodynamic data on the rates of transfer of molecular and

“pseudo” (di sti 11 ate cut) components in the oi 1. This report documents the

development of the computer model and presents the measured kinetic and thermo-

dynamic data for the following processes: evaporation, dissolution, disper-

sion of whole oil drops into the water column, adsorption of dispersed and

dissolved oil onto suspended particulate material, and percent water uptake as

a function of weathering conditions during the formation of water-in-oil emul-

sions (mousse). Specific theological properties determinations were also made

for oil/air and oil/water interracial surface tension, density, and viscosity.

Viscosity measurements were completed at a constant temperature of 38°C (to

allow more accurate time-series comparisons) and at ambient temperatures

during the oil weathering process (to provide data on the physical properties

of spilled oil as it may be encountered during clean-up operations). Exten-

sive whole oil theological properties data sets and component-specific concen-

tration data obta~ned from time-series oil, air and water co?umn measurements

during oil weathering experiments are presented in tabular and graphical form.

These data are then compared with computer-model predicted oil benavior under

carefully monitored subarctic environmental conditions for verification of the

Oil i4eathering Model.

The derivations presented here, and supporting data, are intended to

serve as a data base and reference point for additional model development.

With this report as a reference document and the Oil Weathering User’s Manual,
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which was publis~ed  as a separate document in July, 1983 (KIRSTEIN  et al.),

additional Investigators, environmental managers and other Interested parties

can then better de,sign and undertake future programs to predict the ultimate

fate and impact of open-ocean 011 spills under a wide variety of environmental

conditions.

2.2 CRUDE OIL CHARACTERIZATION

The four oils studied in this program were analyzed by a variety of

techniques including flame Ionization detector (FID) gas chromatography, gas

chromatography/mass spectrometry,  and true boiling point (TBP) distillation

separations for component-specific and overall oil mass-balance considera-

tions, respectively. Separate distillate cuts were then subjected to charac-

terization by the above methods, and time-series measurements of weathered oil

interfacia.1 surface tension, viscosity, density and percent water were com-

pleted under a variety of field conditions. Four crude oils were ’initially

selected for preliminary evaluation, and these included Murban, Cook Inlet,

Prudhoe Bay, and Wilmington crudes. Component-specific composition data

presented in Section 3.0 (Oil Characterization) and theological propert~es

data (on ambient viscosity and density) along with preliminary distillate cut

(% residuum) characterizations led to the selection of Prudhoe Bay crude oil

for additional subarctic weathering studies. Of the four crudes, this crude

was intermediate in API gravity (27.0) and it contained a wide variety of

al kyl-substituted and relatively toxic aromatic hydrocarbons (e.g., see Figure

3-3, page 3-6 and Table 3-11, page 3-19) including the heteroaromatic sulfur

compound dibenzothiophene, and its alkyl-substituted homologies (e.g., Figure

3-7, page 3-22). Also, the presence of an evenly repeating series of normal

alkanes ranging from nC-3 to greater than nC-37 allowed “true boiling point”

determinations of fractions lost due to environmental processes from more

readily accessible gas chromatographic characterization data, and their pre-

sence aided in recognition of microbial processes affecting

type in preference to another. By virtue of its production

the North Slope, Prudhoe 13ay crude oil also represented a

potentially be released to the subarctic marine environment.

one compound class

and transport from

crude which could

&
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2.3 OIL WEATHERING MODEL DEVELOPMENT

SectIon 4.0 contains the complete mathematical derivat~ons for” al]

the currently utilized code in the Oil Weathering Model. In addition, deriva-

tions are presented for areas which are not currently encoded, but for which

additional work may be warranted. The problem of a well-stirred versus diffu-

sion controlled slab and its role in mathematical derivations for predict?nq

evaporation and dissolution behavior is considered in depth. At this time the

current Oil Weathering Model Code usas the well-st~rred derivations. There

are times, however, as a slick continues to age, where diffusion control

processes will take over. Addit~onal encoding of the derivations presented

herein may provide a more accurate model for longer-term weathering processes

and help in defining additional parameters which need to be measured. These

considerations are also important for modeling and predicting the behavior of

thick and thin oil lenses (patches) as observed in real world oil spill events

(PAYNE, 1981).

Derivations are also presented for dispersion of whole oil droplets

into the water column, component-specific dissolution of aromatics into the

water column, component-specific evaporation from a finite slick, and

canponent-specific  dissolution. The problem with these component-specific

approaches, however, is that none of them accounts for the overall mass

balance of the slick. Therefore, it is necessary to characterize oil by a

method which does account for the entire mass. The True Boiling Point dis-

tillation approach is a standard petroleum industry method which has been used

for years in designing refining processes where it is important to control the

physical-chemical behavior of different molecular weight and compound class

(paraffin, naphtha, aromatic) groups in a manner to obtain the maximum yield

of usable products from the parent crude oil resource. The utilization of a

True Boiling Point characterization was, therefore, a natural development in

the evolution of the oil weathering model. Extensive distillate cut data

exist for over 800 of the world’s currently produced crudes (COLEMAN et al.,

1978) . Therefore, once the oil weathering model is developed and tested with
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one crude, other crude oils (and refined products] from that data base can be

mode? ed, with each distillate cut present in the sub,ject crude of interest

treated according to its thermodynamic, kinetic and physical properties. with

this pseudo-component or distillate cut characterization approach it is then

possible to get a more accurate estimate of the overall mass balance of the

slick. One inherent problem with gas chromatographic methods is that they do

not usually account for much of the non-distillable residuum (i.e., the frac-

tion not distilled at 790”F). As the data in Tables 3-12 through 3-15 of

Section 3.1 illustrate, weight percent nondistilled  residuum increases in the

series: Murban (19%), Cook Inlet (26%) ; Prudhoe Bay (36%) and Wilmington

( 53%) ● As such, Prudhoe Bay crude oil contains a 36% residual which would not

otherwise be accounted for unless such a True Boiling Point distillat~on

characterization approach were used. When the Oil Weathering Model is applied

to other refined products--such as kerosene, gasoline or arctic diesel fuel--

evaporation, dissolution and dispersion predictions can be made based on the

published boiling point, viscosity and density data for these different

distillate cuts. Volubility or oil/water partition coefficient data are also

required, and these have been measured in th~s program and are utilized by the

current Oil Weathering Model code.

Sections 4.2 through 4.9 present: derivations for measurement of

Henry’s Law coefficients; diffusion coefficients for volatile compounds moving

through a slick; the role of internal circulation in weathering of a thin vs

thick oil slab; and computer code for dispersion of oil drops into the water

column from-a time varying flux and a constant flux. Computer codes are

published in Appendices A through E. Finally, mathematical formulations are

derived for ultlmate prediction of oil/suspended particulate material (SPM)

interactions (Section 4.10). Subsections include predictions of SPM concentra-

tions, size distributions and flocculation behavior for cohesive and noncohe-

sive sediments. The process of spontaneous dispersion of oil micelles from an

oil slick, “oil particle’’/SPM interactions, “dissolved oil’’/SPM interactions

and modellng descriptions and definitions of boundary conditions for modeling

dispersed oil/SPM interactions are also presented. Not all of the formula.
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tions derived in Section 4.0 are currently in the Oil Weathering Model, but as

noted above, they serve as starting points for additional code development and

provide indications of the required physical, chemical, and thermodynamic data

required for modeling and verification.

2.4 EXPERIMENTAL RESULTS AND MODEL PREDICTED OIL WEATHERING BEHAVIOR

2.4.1 Temperature Controlled Evaporation/Dissolution Chamber Experiments In
La Jolla, California

Section 5.0 presents the time-series chemical and physical properties

data obtained during the controlled evaporation/dissolution chamber experi-

ments in la Jolla and outdoor aquarium and wave tank systems operated under

constant seawater flow-through conditions at Kasitsna Bay. Results are pre-

sented for air, oil, and water phase concentrations of individual allphatic

and aromatic hydrocarbons at 19 and 3°C under different wind speed conditions.

As would be predicted from vapor pressure data, evaporation rates were

depressed at lower temperatures and wind speeds, and a significantly longer

accumulation time for the buildup of aromatic hydrocarbons in the water column

was noted (e.g., see Figure 5-25, page 5-40 and Figure 5-31, page 5-47).

However, equilibrium aromatic concentrations in the water column were higher

under the colder conditions, and this presumably reflects the lessened evapora-

tive losses under the colder temperature regime and thus, the longer lifetime

of aromatic components ?n the parent oil source.

For predicting dissolution behavior of specific aromatic compounds,

pure component water volubility data alone are not enough. Liquid/liquid

{oil/water) partition coeffic~ents (M-values) are required. These ratios are

a function of the mole fraction of the dissolving component in the oil phase,

its mutual volubility in the oil and seawater phases (activity coefficients),

and (potentially) component-specific diffusivities. Such data are necessary
for any predictive model

(page 5-53) present such

at 3 and 23”C.

validation, and Figure 5-32 (page 5-50) and Table 5-6

data for Prudhoe Bay crude oil/seawater partitioning
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2.4.2 Ambient Subarctic Aquaria and !4ave-Tank Experiments at K~sitsna Bay,
Alaska

To obtain additional oil weathering data for predicting the fate of

oil in the subarctic marine environment, a significant amount of field experi-

mentation was also necessary. In particular, such field experiments were

required to evaluate the effects of specific parameters, such as microbial

populat~on densities, variable air/water temperature gradients, ambient

nutrient and SPM levels, solar radiation input, rainfall, snowfall, and other

similar factors which could not be properly simulated in laboratory env~ron-

ments. Recognizing this, after the laboratory and modeling activities had

begun in La Jolla, NOAA and SAI investigators designed a major project expan-

sion which would utilize NOAA’s Kasitsna Bay, Alaska facility. Using indoor

and outdoor aquariums, evaporation/dissolution and microbial degradation

studies were continued. Flow-through seawater systems were utilized to maxi-

mize oil exposure to fresh seawater with nutrient levels and suspended particu-

late loads which would be more representative of those encountered in a real

subarctic oil spill situation. Time-series data are discussed wherein chemi-

cal changes in the oil slick due to evaporation, dissolution and dispersion

were monitored as a function of mixing energy and the presence or absence of

dispersants  (e.g., see Figures 5-34, page 5-56; 5-36, page 60; and 5-37, page

5-62; and Table 5-7, page 5-67). Rates of evaporation as a function of the

viscosity (mixedness) of the slick were also examined in other experiments

where fresh oil and artificially generated mousse were applied to seawater

under different turbulent regimes.

In these flow-through aquaria where turbulence was propel ?er-inciuced,

adequate turbulence regimes could not be generated to simulate open ocean

conditions. Therefore, a series of four outdoor flow-through 2800 liter wave

tanks were constructed for the purpose of evaluating oil weathering behavior

under more natural conditions (Figure 5-49, page 5-77).

designed to simulate oil floating on the open-ocean water

s?lck constantly being exposed to previously uncontaminated

drift and advection. In this manner, oil was constantly

The tanks were

surface, with the

seawater by wind

exposed to fresn
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seawater during the weathering process, and thus, dissolution behavior would

more closely simulate that which would be encountered in the open ocean. In

these experiments, however, the wave tanks served to “corral” the oil while

the water was moved beneath it. By utilizing the wave tank turnover time and

kinetic” measurements of dissolved and dispersed hydrocarbon concentrations in

the water column, dispersion flux calculations as a function of time were

completed for the first 4 months of the spill. These wave tank data were then

used for partial verification of Oil Weathering Model predlctlons,  using data

from model runs where input parameters were set to the approximate conditions

of temperature, wind speed, wave height, slick size, etc. to slmu~ate  the wave

tank experiments. Theological properties determinations (Figure 5-67, page

5-100), and photographic documentation of the oil slick behavior up to 12

months for spills initiated in triplicate during the swmner (July) and up to 5

months for a spill initiated in winter (November) are also presented (see

Section 5.4.6).

In general, correlations of predicted oil weathering behavior and

observed chemical changes are quite good. Correlations of chemical and physi-

cal property measurements with oil slick behavior are also considered--showing

significant changes during the early stages of weathering (from a freely

flowing slick), through water-in-oil emulsion or mousse formation (after sever-

al clays), to the ultimate formation of tarballs if sites of nucleation were

provided. Further, the effects of delayed evaporation/dissolution/di  spersion

weathering on a spill released under winter conditions are provided. In

particular, time-dependent concentration data are also presented for specific

components in the surface oil (e.g., Figures 5-104 and 5-105 on pages 5-128

and 5-129, and Table 5-10 on page 5-135), the water column (e.g., Figures

5-112 and 5-113 on pages 5-142 and 5-143, and Table 5-13, page 5-145) and the

dispersed/particle bound oil (e.g., Figures 6-23 and 6-24, on pages 6-54 and

6-55, and Table 6-10, page 6-56) for sumner and winter spill conditions.

Computer predicted versus observed oil weathering characterizations are pre-

sented for up to 220 hours after initiation of the spills in the wave tank

experiments (e.g., see Figure 5-123, page 5-175). Model predictions of oil



viscosity, percent water incorporated, fraction lost by evaporation, and

dispersion flux show fairly good agreement with observed data, and temperature

dependent trends are clearly evident. Time-se~ies computer predicted dlstil}a-

tlon curves and curves derived from gas chromatographic  data also agree reason-

ably well, given the method of converting gas chromatographically derived data

into True Boiling Point distillation data (Figures 5-124 and 5:125 on pages

5-180 and 5-181). Slight mod~ficati,ons  to the Oil Weathering User’s Manual

input parameters were required to obtain optima? fit of the observed and pre-

dicted data, and this approach is documented in Section 5.5.2. By examining

tbls approach, and studying the User’s Manual in Appendix B, an example of the

user-oriented approach used in developing the Model and its supporting

documentation is readily obtained.

2.5 OIL/SPM INTERACTIONS AND
SELECTED INTERTIDAL REGIMES

THE LONG TERM FATE OF STRANDED OIL IN

Sect~on 6.0 presents the results of investigations on the irtterac-

tions between suspended particular material and dissolved/dispersed oil.

Experiments were initially conducted to measure the effects of oil/SPM inter-

actions on settling rates, skewness, kurtosis, and mean # size of settled

particulate. Subtle perturbations on settling properties were observed, and

there did appear to be a slight suspension of the oil affected particles;

however, the effect was not considered to be environmentally significant

(e.g., Table 6-4, page 6-7 and Figure 6-2, page 6.8). Therefore, the emphasis

of the oil/SPM interaction studies was focused on measuring component-specific

interactions of the water soluble components of Prudhoe Bay crude oi? and four

suspended particulate material types characteristic of those which would be

found ?n the southwestern waters of Alaska. The four representative suspended

particulate material samples were further characterized with regard to their

size distribution and relative surface area as measured by nitrogen adsorp-

tion, mineralogical properties as determined by X-ray diffraction, physical

and compositional makeup as determined by scanning electron microscopy and

percent surface organic carbon coating (Section 6.2). Chromatographlc pro-

files and tabular data are presented for the oil, water and particulate phases
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from controlled beaker study experiments (e. g., Figure 6-16, page 6-37 and

Table 6-8, page 6-36] and then later from suspended particulate mater?al added

to the wave tank systems. In the oil/SPM experiments in the outdoor wave

tanks, effects of other weathering properties were included in the oil/SPM

particulate interaction process. Dispersed oil/particulate measurements were

made on the water column in the wave tank systems at times O m~nures, 5 min-

utes, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, 1 day, 2 days, 4 daYs, 8 .

days, 12 days, 4 months, 6 months and 12 months after the spill (e.g., see

Figures

between

Bay SPM

and the

6-23 and 6-24 on pages 6-54 and 6-55). Several differences were noted

the dispersed oil/particulate phase concentrations for the Kasitsna

fine fraction compared to the Seldovia Salt Marsh SPM fine fraction

control tank (which had no added artificially introduced SPFI). The

summer spill data suggest that in the presence of added Kasitsna Bay SPM a

sllghtly  higher initial water column bu~ldup of dispersed 011 occurs, with the

suspended particulate material from that source then serving to maintain the

dispersed oil concentrations for a slightly longer period compared to tne

Seldovia Salt Marsh SPM or control (see Figure 6-34, page 6-80). Alternative-

ly, these results may indicate the more efficient scaveng~ng of dispersed oil

by the Salt Marsh SPM with concomitant removal by sedimentation. During the

winter spill, when the added suspended part~culate material type was qlaclal

till (sampled from the base of the Grewingk Glacier), the results showed a

higher initial spike concentration of dispersed 01] with a much more rapid

decrease in dispersed oil concentrations compared to the summer spills. This,

presumably, also reflects the lower temperature at the time of the winter

spill, and concomitant changes in oil theological properties. Nevertheless,

it is significant that oil dispersion was almost totally inhibited after as

little as 6 to 9 days in the sununer spills and a period of 6 to 8 days dur~ng

the winter spill. In this latter case, however, evaporat~ve processes were sig-

nificantly retarded, and the presence of higher levels of lower molecular

weight (more water soluble) components may have added to the process of spon-

taneous oil into water emulsification (micelle formation -- see Section

4.10.4). In all four experiments, after the oil had reached a v~scos?ty ot

greater than 2,000 to 3,000 centipoise, dispersion was observed to drop off by

several orders of magnitude from what was initially obta~ned in the tanks.
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Dissolution of intermediate and higher molecular

was, however, observed to continue far periods’of

the Initial 6 to 12 days, lower molecular weight

zene through its C3 and C4-substitutecl  congeners

wetqht aromatic hydrocarbons

upwards of 6 months. During

aromatics ~anging from ben-

were observed to be removed

from the water by a combination of evaporative and ,advective  processes (e.g.,

see Figures 5-117 through 5-120, ~ages 5-152 through 5-156). After 6 months,

nanoqr.am per liter levels of the alkyl-suhst~tuted  naphtllalenes and other

alkyl-substituted  aromatics were still observed. Time-series concentrations

of all the truly dissolved identifiable aromatic components in the water

column are presented in Tables 5-13 avd 5-14 (pages 5-145 and 5-149),

Hydrocarbon loads in the wave tank bottom sediments were measured 13

days, 5 months, and 9 months after initiation of the spill events, and signifi-

cant molecular-weight and compound class group fractionation was observed.

Specifically, only allphatlc hydrocarbons were detected at significant concen-

trations (167 ug/g) in the sediments, even after as short a period as 13 days.

With additional time, continued loss of lower molecular weight components up

through nC-15 was observed in the wave tank sediments, and significant evi-

dence of microbial degradation and aromatic hydrocarbon dissolution was ob-

served (e.g., see Figures 6-31 and 6-32, pages 6-73 and 6-75).

In a collaborator ef’fort with I)rs. Griffiths  and Morita of Oregon

State University, chemical analyses were undertaken on subtidal sediments

which had been spiked with 0.1, 10, and 50 part per thousand (ppt) levels of

fresh and artificially weathered Cook Inlet crude oil. The complete report

submitted to Drs. Griffiths and Morita (in December, 1980) is included in its

entirety as Appendix H. With this characterization of rate processes for

suspended particulate material and sedlmented  oil, the next loglcal extension

of this program was to study the long-term fate of fresh Prudhoe Bay crude

oil spilled in different representative subarctic intertidal regimes. To this

end, a series of l-meter-square corral experiments were undertaken at four

selected intertidal sites exhibiting different substrate types, energj

regimes, fresh water/seawater influence, and organic carbon loadinq. Sit~
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selection included the glacial delta spit adjacent to the Grewingk  Glacier;

the intertidal mud flats within Kasitsna Bay; the estuarine environment of the

Seldovia  Salt Marsh; and the head of Jakolof Bay (which is a fresh water fed

bay subject to significant ice scour). One liter of Prudhoe Bay crude was

spilled in the corrals at three tidal heights, and time-series observational,

photographic and chemical ‘measurements were made for

months following initial oil addition. Significant

among the intertidal substrate types, with the coarser

penetration and persistence of oil to a depth of 12-14

up to a period to 17

differences were noted

grain sedim<rlts showing

inches up to 17 months.

Lower intertidal mud flats showed the most rapid cleanslng of oil, primarily

due to its lack of penetration on initial oiling. Some amounts of oil were

observed to penetrate excavations left by burrowing organisms, however, the

extent of overall oiling was generally much less, and most of the 011 was

observed to Ilft off of the intertidal sediment with the incoming t?de.

Further details are available in Section 6.4.

2.6 MICROBIAL DEGRADATION EXPERIMENTS CONDUCTED AT KASTISNA BAY AND
SCRIPPS INSTITUITON OF OCEANOGRAPHY

Section 7.0 describes the results of detailed flow-through microbio-

logical degradation studies undertaken under temperate and subarctic marine

conditions (Scripps Institute of Oceanography and Kasitsna Bay, Alaska,

respectively). In addition to the various physical and chemical degradative

processes which effect the removal of hydrocarbons and heterocyclic  components

from an oil’ slick, there are biologically-related processes which contribute

to the overall weathering of the oil. Microbial metabolism, ingestion by

zooplankton, uptake and possible retention by marine invertebrates and verte-

brates, and bioturbative effects (on sedimented oil) all serve to partition

petroleum hydrocarbon into the water column, biomass, and sediment regimes of

the ecosystem.

In this research program, the

bacterial plankton populations were

quantitative approaches, in an attempt

degradation of 011 components by marine

investigated, by both qualitative and

to determine the relative importance of
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this biological degradative mechanism. Continuous-flow experimental aquaria

were utilized to simulate the microbial degradative  impact upon oil spilled in

both temperate and sub-arctic marine environments. The response of marine

microbes to spilled oil was characterized quantitatively with the aid of radi”o-

labeled substrate techniques which provided information on specific compounds

susceptibility (via 14C-1abeled hydrocarbon degradation rate determinations),

as well as

Qualitative

time-series

graphy/mass

degradation

overall ‘metabolic responses (via 3H-labeled  substrate uptake).

characterizations of microbial degradation were inspected through

analyses of oil and seawater sample extracts by gas chromato-

spectrometry. These efforts provided information on relative

patterns of compound class types (i.e., aliphatic versus aromatic

hydrocarbons), as well as tentative characterization of oxidized metabolic

products.

Caution must be taken when attempting to extrapolate such data from

controlled marine ecosystems to actual open ocean oil spills due to: (1)

differences in the nature of the two systems, such as nutrient and dissolved

oxygen levels, water temperature, growth substrate availability, etc.; (2) the
14inherent limitations of the C-1abeled substrate techniques on determining

the total metabolism to COz; (3) assumptions that the model compounds will be

degraded at the same rates when “present in such a complicated matrix as crude

petroleum; and (4) that ’these model compounds are representative or typical in

terms of biodegradability. Nevertheless, comparisons of these degradation

rate data to dissolution rate data (as derived from the wave tank studies

performed at Kasitsna Bay), in conjunction with the 3H-labeled  substrate

uptake data, nutrient data, and chemical characterization of 011 and seawater

extracts by GC and GC/MS supported the following statements:

9 marine mjcrobi 1 populations responded to the
by increased $H-thymidine  incorporation into
though no ~i9ni ficant imp~cts were observed
uptake for H-glucose, and H-leucine.

input of petroleum
cellular DNA, al-
for the rates of

s ~~gnificant increases in the degradation rates of all three
C-hydrocarbon subs rates occurred within48 hours of oil intro.

duction, ~;4c hexadecane ~a14degradedalthough, - at slower rates
ralative to either C-naphthalene or C-methyl naphthalene.



e nutrient supplementation (with ino;ganic nitrogen and phos-
~$orus) in the experimental systems had no apparent influence on
C-hydrocarbon degradation rates except for some slight evi-

dence from the Kasitsna Bay studies.

● generally low rates of l$-hydrocarbon degradation and bacterial
growth (Inferred from H-thymidlne uptake and epifluorescence
enumeration) were apparent for the Kasitsna Bay study, and this
is presumably due to the lower seasonal water temperatures.

comparisons of dissolved compound concentrations from the
s tf~sitsna  B a y wavetank studies to the controlled ecosystem

C-hydrocarbon degradation rate data suggest, that for at least
the first two weeks post-spill, physical dissolution is the
dominant mechanism for specific compound removal from the
oil/seawater interface.

* time-series analyses of the polar sil~ca gel fractions of sea-
water extracts by GC and GC/MS suggest that microbial degrada-
tion has more of a long-term impact on dispersion of oil
components through the continued formation of polar, water-
soluble metabolizes which pass into the water column from the
oil/seawater interface.

Although the results of the 14C hydrocarbon degradation studies, when

compared to physical dissolution rate data, suggest that microbial degradation

is not of enough significance to incorporate into the 011 weathering model,

the overall results of our studies do suggest that this biological degradative

mechanism can be important in long-term weathering. This could be particular-

ly true, for example, in a situation where oil would become stranded in an

estuarine-type environment after a spil]. If nutrients and dissolved oxygen

were not limitjng factors, microbial metabolism of petroleum components to

more polar water-soluble species could eventually become an important mechan-

ism for continued dissolution, especially in environments were photochemical

processes may be limited due to short diurnal light periods and low solar

intensities.

2.7 NOAA-SPONSORED INTERCALIBRATION PROGRAM PARTICIPATION

Finally, Section 8.0 presents the results of three recent intercali-

bration programs in which we have participated during the duration of this
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program. The results of environmental measurements are only valuable insofar

as tney are accurate and precise. This is particularly true if ‘J(fr measure-

ments of’ chemical levels or properties are to be used for predictive assess-

ments in which the data would be useful to environmental managers in the

decision-making process as to ‘what the impact of a potential spill under cer-

tain environmental conditions might be. While precision is a relatively easy

parameter to measure by replicate determinations, accuracy is somewhat more

intractable. Spiked sample recovery is valuable as far as determining what

the efficiency of an extraction procedure is for compounds added by the in-

vestigator. It does little, however, to determine extraction efficiency of

the subject compounds of interest as they are”present in the original sampl~

matrix. At this time, there are no Standard Reference Materials (SRM’S) tc

assist in such determinations. Therefore, NOAA has initiated a number of

interlaboratory/intercal  ibration programs wherein the results obtained on real

environmental samples by a variety of participating laboratories can be com-

pared. Section 8.0 contains the results of this laboratory’s participation in

those efforts and compares our data to those of other participating labora-

tories and the NOAA/National Analytical Facility when such data are available

(Figure 8-1, page 8-3).

2.8 CONCLUSIONS AND RECOMMENDATIONS FOR ADDITIONAL RESEARCH

Based on the results of the algorithm development and chemical meas-

urements completed in this program, it is clear that additional work is still

required in the area of measuring pseudo-component and specific-component mass

transfer rates from a diffusion controlled oil phase. As demonstrated in the

development of mathematical formulations for oil under these conditions, t

different set of boundary conditions and assumptions are required. Incorpora-

tion of the derivations presented for diffusion controlled processes into th~

computer code will result in considerable improvement, particularly for longer

term oil weathering processes. This will also be important for modeling thir

and thick oil patches as observed during several field investigations 01

spills-of-opportunity. Further work is also required for for development ant



validation of the mathematical formations presented for modeling oil 5PM

interactions. The results of the wave tank studies were confounded by diffi-

culties in separating truly particle-bound oil from dispersed oil droplets,

and as such, the wave tank experiments d~d not provide all of the data which

may have been desirable. H~gher levels of suspended particulate material may”

have improved the sensitivity “of the test, however, limitations wlthln the

wave tanks and SPM reservoir delivery systems did not allow generation of

higher spiked levels of SPM concentrations. Furthermore, higher SPM levels in

the wave tank studies may not have been realistic given measured concentra-

tions of SPM in southwestern Alaskan waters.

Validation of the oil weathering model under higher turbulence

regimes would also be an item of high priority. At this time the model is

capable of predicting oil weathering behavior in real spill situations, and

comparison of predicted and observed results during an investigation of a

spill of opportunity would provide such data. Ironically, in most open ocean

spills studied to date, component-specific measurements have been made while

no attempt has been undertaken to a,pproach determining the overall oil mass

balance using a pseudo-component or distillate cut approach.

At this time, we are actively engaged in an investigation of the

chemical behavior of oil released in the presence of sea ice, and a logical

extension of that study

selected ”arctic regities.

zones , additional modeling

port processes, nearshore

might include longer term intertidal studies in

With regard to both arctic and subarctic intertidal

and investigations in the area of along-shore trans-

sedlment re-suspension, and offshore transport of

oiled beach substrates into subtidal regimes may merit further Investigation.

2.9 NCIW/OCSEAP UTILIZATION OF THE OIL WEATHERING MODEL

The current version of the Open-Ocean Oil-Weathering model (named

CUTVP2) is a general purpose oil-weathering computer code that considers many

aspects of oil weathering. The model is based on a pseudocomponent character-
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ization of oil which allows a total material balance to be considered, Th

pseudocomponent characterization adapted and used in this model is based o

considerable refining industrial experience which translates into a readil

available data base for essentially every crude oil and refined product eve

produced. -
. .

The major oil-weathering” processes which determine the materia

balance of spilled o~l are evaporation, dispersion of oil dr~plets into water

spreading and water-in-oil emulsification (mousse). The spreading and emul

sification processes can be “turned off” to simulate oil weathering on ice o

land. The dissolution of molecular species from an oil

accounts for only a few percent of the total mass of the

process is not considered in material balance predictions.

During the course of model development numerous

slick into watel

slick; thus, thi:

der~vations wer{

completed which were directed at specific experimental results. An iterativ(

approach of interpreting predicted and observed results then allowed furthei

model refinement and experimental design to attain an understanding of impor.

tant variables. These derivations included the component-specific evaporation

and dissolution in laboratory stirred tanks and outdoor flow-through wavt

tanks in Alaska. Also included in this report are derivations which calculat{

the water column concentrations of dispersed oil for both time-varying anc

constant source spill situations. The open-ocean oil-weathering

were used to construct dispersed-oil source terms in the form

exponential which were then used as boundary conditions.

The open-ocean oil-weathering code was written in ~

code result:

of decaylnf

manner that

allows its use as a research tool. Most of the variables, parameters, anc

physical properties can be easily changed by way of keyboard entry. Thus ,

experimental results can be used to derive or determine parameters specific to

experimental conditions. The open-ocean oil-weathering code can also be used

as a learning tool because all the keyboard input has examples presented

immediately before the user must enter the requested response. This important
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feature of the code is expected to facilitate its use, and result In improve-

ments by way of other researchers participating in the refinement of under-

standing and parameter determinations.

The open-ocean oil-weathering code provides a means to interpret data

from an actual oil spill. Samples of weathered oil from an actual 011 spill

can be taken to the laboratory and fractionated in a true-boiling-point dis-

tillation column. The distillation curve can be compared directly to the

CUTVP2 predicted results; thus, the oil-weathering code predicts field observ-

able oil compositions.

Throughout the time frame of this oil weathering research program (RIJ

597) considerable effort was expended in support of various synthesis meetings

and in providing weathered-oil source terms for the National Marins Fisheries’

efforts in developing the Bering Sea Fish-Oil Spill Interaction Model (RU

3010} . In providing weathered-oil source terms for the Interaction Model both

continuous and instantaneous spills were considered. For each of these types

of SP;llS, “results calculated by the Open-Ocean Oil-Weathering Model were put

in the form of decaying exponential to represent the source terms for both

evaporation and dispersion. These results were then delivered by letter re-

port to NOAA and the RAND Corporation

plume concentrations in the water column.

Partlcipatlon  in the synthesis

for use in calculating dispersed-oil

meetings for the St. Georges Basin

(4-28-81), North Aleution Shelf (3-9-82), Navar~n Basin (10-25-82), and

Chukchi Sea (10-31-83) included presentation of oil source terms for various

environmental scenarios. Oral presentations detailing the in-progress oil

weathering experimental efforts were also given. The results of these

participations and Oil Weathering Modeled scenarios were then incorporated

into environmental impact statements for oil-lease sales in these respective

areas.
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Research activities

an Invited contribution to

ences Board workshop on the

?n the Marine Environment.

related to the oil weathering program also led tc

the 1981 National Academy of Sciences Ocean Sci-

publication Inputs, Fates and Effects of Petroleun

The background paper “A Review of the Formatior

and Behavior of Water-in-Oil Emulsions (Mousse) from Spilled Petroleum, anc

Tar Ball ” Distributions, Chemistries and Fates In the World’s Oce~ns” (PAYNE,

1981) was prepared, and after. peer review, presented at the workshop held al

Clearwater Beach, Florida in November, 1981. More recently, the results 01

the triplicate summer wave tank experiments at Kasitsna Bay (and model in{

activities related to those studies) were presented at the 1983 oil Spill:

Conference at San Antonio, Texas (PAYNE, et al. 1983).
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3.0 OIL CHARACTERIZATION

3.1 CHARACTERIZATION OF FOUR CRUDE OILS

At the onset of the program, four crude oils (representative of a

wide variety of oil types) including two crudes produced in Alaska, were

selected for detailed chemical analyses. The ultimate purpose of this investi-

gation was to select one of the four crudes for additional detailed weathering

characterizations. Crude oils are a naturally occurring complex mixture of

organic and inorganic compounds, and the properties of a given crude are de-

pendent upon the original depositional  environment, the hydrocarbon sources

and the degree of post-depositional maturation and migration. In general,

most crudes can be classified into three categories:

s paraffin-based, exemplified by the continental crudes of the
m?d-United  States,

● asphalt-based such as crudes produced in California and the Gulf
of Mexico coast of the United States,

@ mixed-base crudes such as those from the Middle East and Alaska.

which is

been ant

Because the objective

applicable to a wide

cipated that at least

paraffin, asphaltic  and mixed base) be studied. However, the

crudes of the first category are not as likely to be involved in contamination

of this program was to develop a

variety of crude petroleums it

one crude from each of the three

computer model

might be have

classes (i.e.,

paraffin-based

of the marine environment, and these crudes have relatively low levels of

aromatic compounds, which include the most toxic constituents of crude oil.

For these reasons paraffin-based crudes were not included.

Table 3-1 presents gross characterization parameters of the four se-

lected crude oils examined. These include: 1) a relatively high API gravity

(lower specific gravity) Murban crude which is designated as an intermediate

type or mixed-base crude - this particular crude oil has less sulfur and

asphaltic material than most other Middle-East crudes (Evaluation of the
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TABLE 3-1. GROSS CHARACTERIZATIONS OF FOUR

Specific Viscosity(lOO°F)*
API* Gravity Kinematic Saybolt

Crude Oil Gravity g/ml c ST ws

SELECTED WHOLE CRUDE OILS.

Pour Pt** Ni v s N ****
“F % Asphalt*** ppm ppm x %

Murban, Aba Dhabi 40.5 0.829 2.8 35,9 -20 7 3.0 9.9 9.96 0.10

Cook Inlet, Alaska 35.4 0.848 17 85 -15 12 1.3 0.47 0.09 0.11

Prudhoe Bay, Alaska 27.0 0.893 19 84 -10 23 13.5 28.3 0.98 0.27

Wilmington, Calif. 19.4 0.938 100 470 <5* 24 100 80.6 1.8 0.83
1

(d
I

~ Sources:

* Coleman, etal. 1978
** Evaluation of Worlds Important Crudes, 1973

*** Calculated from Conradson  carbon value, Coleman et al., 1978
**** Ni, V, S, wIN: this study

*



Morld’s Important Crudes, 1973); 2) a slightly lower API gravity crude from

Cook Inlet, Alaska, which is representative of oils produced in the sub-arctic

environment and which by nature of its production and transport might be ex-

pected to be released at sea; 3) a lower API gravity Prudhoe Bay crude oil

which would have a high probability of release in arctic regimes during pro-

duction and in sub-arctic environments during transport and storage; and 4) a

low API gravity crude from Wilmington, CA. The data in Table 3-1 illustrate

that as the API gravity decreases (density increases) the viscosities of ‘the

whole crudes generally increase; the pour points are also observed to rise.

Percent asphalt content is also observed to increase in going from the higher

to lower API gravity crudes selected. Nickel , vanadium, sulfur and nitrogen

contents are more variable among the crudes (data generated as part of this

study); however, general increases in trace element concentrations are also

observed in the trend from higher to lower API gravities. These considera-

tions are important in that asphalts and the presence of trace elements such

as nickel, vanadium and sulfur have been implicated

in-oil emulsions (PAYNE, 1981) and as such, their

also be a factor in selecting one representative

weathering studies.

in stabilization of water-

presence or absence might

crude for additional oil

In addition to the whole-crude physical property characterizations

and trace element data presented in Table 3-1, each of these four oils was fur-

ther characterized by separation into aliphatic, aromatic and polar fractions

by liquid-solid (silica gel) column chromatography (see Methods, Appendix H),

and each fraction was then examined by fused silica capillary column gas chro-

matography (flame ionization detector) and capillary column gas chromatography/

mass spectrometry (GC/MS). Figures 3-1 through 3-4 present the capillary

column gas chromatograms  obtained on the fractionated Murban, Cook Inlet,

Prudhoe Bay and Wilmington Crude Oils, respectively. As the figures illus-

trate, the first three crudes are characterized by a regularly repeating

series of n-alkanes  and branched and cyclic hydrocarbons in the aliphatic

fraction, whereas the Wilmington crude is characterized only by a large

Unresolved Complex Mixture (UCM). Likewise, the aromatic fractions from

Murban, Cook Inlet, and Prudhoe Bay crudes are very similar (Figures 3-IB
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FIGURE 3-?. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS  OBTAINED
ON L/C FRACTIONATED MURBAN CRUDE OIL: (A) ALIPHATIC FRACTION
(FI ) ; (B) AROMATIC FRACTION (F2) ; (C) POLAR FRACTION (F3) .
(KOVAT RETENTION INDICES ARE SHOWN ABOVE SELECTED PEAKS).
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FIGURE 3-2. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS  OBTAINED
ON L/C FRACTIONATED COOK INLET CRUDE OIL: (A) ALIPHATIC FRACTIC)N
(Fl ); (B) AROMATIC FRACTION (F2); (C) POLAR FRACTION (F3).
(KOVAT RETENTION INDICES ARE SHOWN ABOVE SELECTED PEAI(S) .
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FIGURE 3-3. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS  OBTAINED
ON L/C FRACTIONATED PRUIIHOE BAY CRUDE OIL: (A) ALIPHATIC FRACTION
( F1 ) ; (B) AROMATIC FRACTION (F2) ; (C) POLAR FRACTION (F3) .
(KOVAT RETENTION INDICES ARE SHOWN ABOVE SELECTED PEAKS).
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FIGURE 3-4. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRMS  OBTAINED
ON L/C FRACTIONATED WILMINGTON CRUDE OIL: (A) ALIPHATIC  FRACTION
(FI ); (B) AROMATIC FRACTION (F2) ; (C) POLAR FRACTION (F3) .
( KOVAT RETENTION INDICES ARE SHOWN ABOVE SELECTED PEAKS).



through 3-38). The Wilmington crude oil aromatic distribution, however, is

skewed to the higher molecular weight compounds. Polar components ~n the

third fraction are observed to be limited in all four of these oils.

Gravimetric  data obtained on the aliphatic and aromatic fractions and

computer reduced compound-specific concentrations (organized by Kovat reten-

tion indic”es, Kovats 1958) are presented in Tables 3-2 and 3-3 for Murban

crude; Tables 3-4 and 3-5 for Cook Inlet crude; Tables 3-6 and 3-7 for Prudhoe

Bay crude and Tables 3-8 and 3-9 for !dilmington crude. Concentrations for the

limlted number of components present in the polar (F3) fractions from each oil

are shown -in Table 3-10. These data were generated on SAI’S DEC-10 computer

using an inhouse compound-specific data reduction program, and such data

provide the basis for additional compound-specific weathering phenomena ase
will be discussed in detail in this report.

Figure 3-5 presents the reconstructed ion GC/MS chromatogram obtained

on the aromatic fraction from Prudhoe Bay crude oil, and the individual aro-

matic components identified in this fraction are numbered on the chromatograrr

and listed in Table 3-11. Similar GC/MS data were obtained on the other

crudes, however, comparative differences among the crudes can be better illus-

trated by graphic output such as that shown in Figures 3-6 through 3-8, rather

than by tabulated compound identifications and concentrations.

Figure 3-6 presents the individual n-alkane concentrations for Murban

crude, Cook ,Inlet crude and Prudhoe Bay crude, with the inset showing th~

relatlve concentrations of isoprenoid  compounds in each of these oils. Ir

thdt the Wilmington crude was not represented by an evenly repeating series of

n-alkanes, aliphatic concentrations for that crude are not presented in Figur~

3-6. The Cook Inlet crude and Prudhoe Bay crude show very similar trends,

whereas the Murban crude is clearly characterized by relatively higher concen-

trations of the lower molecular weight hydrocarbons.
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TABLE 3-3. MURBAN CRUDE OIL CONCENTRATIONS FOR AROMATIC FRACTION.
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TAOLE 3-4. FRACTION.CONCENTRATIONS FOR ALIPHATICCOOK INLET CRUDE OIL
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TA~LE 3.5. COOK INLET CRUDE 0:. FOR AROMATIC

,

CONCENTRATIONS FRACTION.
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TABLE 3-10. POLAR (F3) FRACTION COMPONENTS FOR THE FOUR SELECTEE? CRUDES.

Murban Crude OilConcentrations for Polar Fraction

Retention Time (rein) Ko va t Concentration (vq/g)

18.95 1026 121.
78.75 2787 116. . .

Cook Inlet Crude Oil Concentrations for Polar Fraction

Retention Time (rein) Kovat Concentration (ug/g)

18.99 1026 151.
78.80 2787 111.

Prudhoe Bay Crude Oil Concentrations for Polar Fraction

Retention Time (rein) Kovat Concentration (uq/g)

5.14 640 64.4
8.55 806 49.6
9.14 861 28.4

Wilmington Crude Oil Concentrations for Polar Fraction

Retention Time (rein) Kova t Concentration (ug/q)

18.99 1026. 211.
78.76 2787 224.
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TABLE 3-11. GC/MS IDENTIFICATIONS OF SELECTED
FRACTION OF PRUDHOE BAY CRUDE OIL

1

2

3

4

5

6

7-9

10

11-13

14

15

16

17

18

19

20,21

22

23,24

25

26

27

28

ethyl benzene

p-xylene

o-xylene

n-propylbenzene

ethylmethyl benzene

trimethylbenzene

C3 benzenes

methyl propylbenzene

C4 benzenes

ethyldimethyl benzene

C4 benzene

tetramethylbenzene

unsaturated C4 benzene
(possibly a methyl indane)

C4 benzene

na~hthalene

tinsaturated C5 benzenes
(possibly C2 lndanes)

unsaturated C6 benzene
(possibly a C2 tetral in)

C6 benzenes

2-methylnaphthal ene

unsaturated C6 benzene
(possibly a C2 tetralln)

l-methylnaphthal ene

unsaturated C6 benzene
(possibly a C2 tetralln)

COMPONENTS IN THE
(SEE FIGURE ?-5) .

AROMATIC

29 C7 benzene

3 0  biphenyl

31 2-ethyl naphthalene

32 l-ethyl naphthalene

33-38 dimethyl naphthalenes

39

40

41

42

43-46

47

48

49

50

C 3 naphthalene.

methylbiphenyl

2-isopropylnaphthal  ene

l-isopropylnaphthal  ene

trimethylmaphthal enes

fluorene

dimethylbiphenyl

methylfluorene

dibenzothiophene

51 phenanthrene

52,53 methyldibenzothiophenes
.

54-56 methyl phenanthrenes

57 C2 napthothiophenes

58-61 dimethylphenanthrenes

62-65 C3 phenanthrenes

66 benzonaphthothiophene

67 chrysene or benz (a)anthracene

68 phthaiate ester
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Even more striking similarities of the two Alaskan crude OIIS are

depicted in Figure 3-7, which shows the relative abundance ot alkyl-

substituted polynuclear  aromatic  (PNA) hydrocarbons as delived from selected

ion monitoring GC/MS analyses. Figure 3-7A presents the relative abundance of

the PNAs for Cook Inlet crude and F~gure 3-7B presents the same data for

Prudhoe Bay crude oii. It should be noted that in these oils, as in many. .
other crudes, the alkyl-substituted  polynuclear- aromatic compounds are pre-

dominant over the non-substituted parent compounds. In Figure 3-7 the parent

hydrocarbon is denoted by the first data point nearest the origin of the Abso-

lute Carbon Number coordinate, and the degree of al kyl-substitution  is then

shown to increase with, for example, 11 ,representing  methyl naphthalene, 12

representing dimethyl nap.hthalene, etc. In. comparing Prudhoe Bay and Cook

Inlet crudes it can be seen that the relative abundance of alkyl-substituted

naphthalenes are nearly identical, and s]milar trends are observed for bi-

phenyl, fluorene and phenanthrene. In this instance, Cook Inlet crude shows

some evidence of slightly higher relatlve levels of alkyl -substituted phen-

anthrene. Of these two oils, only Prudhoe Bay crude oil contained significant

concentrations of the alkyl-substituted  sulfur-heteroaromatlc dibenzothio-

phenes. This is also reflected in the difference in weight percent sulfur of

the two crudes as shown by the data in Table 3-1. Figure 3-8 presents the

relative abundance plots for the alkyl-substituted polynuclear  aromatic hydro-

carbons in Murban Crude and Wilmington crude. The alkyl-substituted  naphtha-

?ene composition of Murban crude is similar to that observed for the two

Alaskan crudes; however, this oil contains significantly higher levels of

alkyl-substituted dibenzothiophenes, and again the weight percent sulfur in

the crude is somewhat higher. The alkyl-substituted naphthalene distribution

for Wilmington crude is significantly different from the other three oils

considered, and of the four crudes jt has the highest relative abundance of

phenanthrene and fluorene.

Interestingly, there were no significant levels of dibenzothlophene

detected. BALL and RALL (1962) have shown that the sulfur content of the

low-boiling (up to 250°C) fractions of Wilmington crude is predominantly in
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the form of alkyl thiophenes

sulfur-containing components,

acterized  in that study. It

the Wilmington crude also had

and vanadium.

and saturated cyclic sulfides. The bulk of the

however, were in the residue and were not char-

should be noted from the data in Table 3-1 that

the highest levels of the trace elements nickel

Another significant feature of the relative ab~ndance plots for ali-

phat~c and aromat~c hydrocarbons is that the crudes with higher API gravities

( lower speci tic gravitjes) also tend to have higher relative concentrations of

the lower molecular weight, and. less dense, a?iphatic and aromatic hydrocar-

bons. That is, the Wilmington crude with the lowest API gravity is not repre-

sented by lower molecular weight aliphatic  materials and the aromatic frac-

tions are skewed towards the more highly alkyl-substituted

fluorenes. As the data in Table 3-1 illustrate, the lower

also tend to have higher weight percent asphalts.

phenanthrenes and

API gravity crudes

Synchronous scanning spectrofluorometry has also been used to char-

acterize the polynuclear  aromatic hydrocarbons content of crude oil and sedi-

ments and waters exposed to crude oils (UAKEHAM, 1977; GORDON et al., 1976;

VO-DINH et al., 1!478; BOEHM and FIEST, 1980) “and this technique was also used

in our studies to characterize the four selected crude oils examined. Fami -

Iles of aromatic hydrocarbons can be revealed by this method (LLOYD, 1971) and

synchronous scan UV fluorescence spectra of the four crudes are shown in

Figures 3-9, 3-10 and 3-11. These spectra were obtained on a Perkin-Elmer

model MPF-44A high performance fluorescence spectrofluorometer with the exlta-

tion and emission monochromoters offset by 30 nm. The combined exc~tation

emission spectra were obtained over the range of 230 to 600 nm. In general,

monocyclic aromatic hydrocarbons emit most strongly in the 280 to 290 nm re-

gion, dicyclic  aromatics such as alkyl-substituted naphthalenes emit at about

310 to 320 nm; 3 and 4 ring aromatics emit in the range of 340 to 380 nm and

compounds with greater than 5 rings emit in the range of 400 to 470 nm.
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The four crudes shown in Figure 3-9 were scanned at concentrations of

10 mg/ml in spectral grade cyclohexane and the spectra shown in Figure 3-10

were obtained at concentrations of 100 mg/ml. It can be seen from the spectra

presented in Figures 3-9 and 3-10 that at lower concentrations better fluores-

cence resolution for the small ringed compounds is obtained at the shorter

wavelengths. At higher concentrations, greater fluorescence and resolution is

observed for the 4 and 5 ring compounds, reflecting the effective energy trans-

fer processes which occur at higher concentrations. (JOHN and SOUTAR, 1976;

VO-OINH et al. 1978)

From the spectra of the whole crude “oil samples it aPpears that COOk

Inlet and Murban crude oils contain a higher abundance of 2 and 3 ring aro-

matic compounds with Prudhoe Bay crude being intermediate and Wilmington hav-

ing the lowest relative abundance of these compounds. As noted above, these

compositional differences are also illustrated by the relative abundance PNA

plots presented in Figures 3-7 and 3-8. The 4 and 5 ring aromatics appears to

be more concentrated in the Wilmington and Murban crude oils. Figure 3-11

presents the synchronous scan UV-fluorescence  spectra obtained on the aromatic

fractions of each of the selected oils, and while the results are similar to

those obtained for the unfractionated oils, a slight relative increase in

fluorescence from the 3, 4, and 5 ring compounds can be observed. o

While component-specific data are necessary for developing an oil

weathering model, additional data are also required to enable a mass balance

approach describing the state of an actively weathering oil slick. As W~~l he

discussed in the following sections on modeling, it is not possible to develog

a mass balance model of oil weathering if only specific organic compounds, or

even confined groups of compounds, are considered. Thus , to obtain informa-

tion on the overall mass balance for various spilled crude oils, fractional

distillation data are required of the type routinely used in the petroleun

industry for overall oil characterizations. With such an approach, compound:

can be grouped into pseudo-component classes based on their boiling points,

and cumulative percent compositional data can be obtained on crudes as 6
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function of the true boiling point distillation curve. .Tables 3-12 through

3-15 present the fractional-distillation cut data (COLEMAN et al, 1978) for
Murban, Cook Inlet, Prudhoe Bay and Wilmington crudes, respectively. The

percent composition of each fractional cut is presented by boiling point, and

the cumulative volume percent and API gravity of each distillation cut are

also given. From these data, it can be seen that cumulative percent distilled

can vary significantly from oil to oil, and it is also possible to see how

different oil compositions are skewed to higher or lower molecular weight compo-

nents. Note that the relative percent of nondistillable residue increases

from Murban crude (19.1%) to Cook Inlet (25.6%) to Prudhoe Bay crude (36.3%)

to Wilmington crude (53.3%) in line with the relatlve compositions of higher

molecular weight materials, percent asphalt and (to a general extent) Kine-

matic and Saybolt

ing trend in API

3-12 presents the

viscosities. Not surprisingly, a relatively smooth decreas-

gravity is also observed with each distillate cut. Figure

true boiling point distillation curves showing the cumula-

tive volume percent of each crude distilled vs. true boiling point In ‘F up to

the limit of the nondistillable still pot residual. Similar plots will be

utilized extensively with the development of the pseudo component oil weather-
P ing model, and predicted vs. observed (as derived from capillary GC data)

distillation curves will be used to compare o~l weathering model output and

observed field data.

In examining the detail from Tables 3-12 through 3-15, and the curves

presented in Figure 3-12, it can be seen that significant portions of each of

the crudes occur in the non-distillable residuum with boiling points above

790°F. Thus, while Murban and Cook Inlet crudes have 80% and 71% distillable

components, Prudhoe Bay crude oil and Wilmington crude oil have distillable

fractions consisting of only 62.6% and 46.3% of the starting oil, respective-

ly. The steepness of the boiling point distillation temperature vs. percent

distilled curves in Figure 3-12 also shows the relative differences in percent

higher molecular weight non-boillng  components. That is, the steeper the

curve in Figure 3-12 the more components present boiling above 790°F. Figure

3-13 shows the cumulative boiling point distributions for the four crudes
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TABLE 3-12. FRACTIONAL DISTILLATION DATA ON MURBAN BAB-BU HASA ABU DHABI
CRUDE OIL.

Cumulative %
Fraction Cut ?emp Vol urne Cumulative “API Based on Total

No. ‘F Percent Percent 6o°F Distillable Onl~

1 122 ? * 7 1.7 96.7 2.1

2 167 2.9 4.6 86.2 5.7

3 212 4.9 9.5 70.6 11.8

4 257 ~ 6.0 15.5 62.3 19.4

5 302 6.7 22.2 , 55.7 27.7

6 347 6 . 4 28.6 51.6 35.7

7 392 5.7 3 4 . 3 48.5 42.8

8 437 5.6 39.9 45.6 49.8

9 482 5.9 45.8 43.0 57.2

10 527 4.9 50.7 40.0 63.3

11 580 5.7 56.4, 3 5 . 8 70.4

12 638 5 . 6 62.0 34.0 77.4

13 685 6 . 5 68.5 30.0 85.5

14 738 6.0 74.5 28.4 93.0

15 790 5.6 80.1 26.6 100 ~

% Non-distillable residuum: 19.1; cumulative % 99.2; ‘API 16.7

% Asphalt in residuum: 30
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l/iBLE 3-13. FRACTIONAL DISTILLATION DATA ON COOK INLET, ALASO CRUDE OIL
{McArthur River Fiel d).

Fraction Cut Temp Volume Cumulative %
No. . Cumulative

‘F Percent
‘API Based on Total

Percent 60”F Distillable Only
1“

2

3

4

5

6

7

8

9

10

11

12

13

14

15

122

167

212

257

302

347

392

437

482

527

580

638

685

738

790

2.4

2.5

!5.9

6.1

5.1

5.2

4.9

5.1

5.2

5.0

3.3

5.2

7.0

4.2

4.2

2.4

4.9

10.8

16.9

22.0

27.2

32.1

37.2

42.4

47.4

50.7

55.9

62.9

67.1

71.3

89.2

77.2

65.0

59.5

55.4

50.8

46.5

43.0

39.6

37.0

32.8

31.3

28.7

26.6

25.0

3.4

6.9

15.1

23;7

30.8

38.1

45.0

52.2

59.5

66.5

71.1

78.4

88.2

94.1

100

% Non-distillable residuum: 25.6; cumulative % 96.9: *API 11 6
.

% Asphalt in residuum: 35
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TABLE 3-14. FRACTIONAL DISTILLATION DATA ON PRUDHOE BAY, ALASKA CRUDE OIL.

Cumulative ?
Fraction Cut Temp Volume Cumulative ‘API Based on Total

No. ‘F Percent. Percent 6o°F Distillable Only

1 122

2 “ 167 2.1 2:1 72.7 3.4

3 212 2.6 4.7 64.2 7*5

4 257 3.5 8.2 56.7 13.1

5 3 0 2 3.6 11.8 51.6 18.8

6 347 3.7 15.5 47.6 24.8

7 392 3.5 19.0 45.2 30.4

8 437 4*3 23.3 41.5 37.2

9 482 4.8 28.1 37.8 44.9

10 527 ‘. 5.0 33*1 34.8 52.9

11 580 2.8 35.9 30.6 57.3

12 638 ‘ 6.5 . 42.4 29.1 67.7

13 685 6.8 49.; 26.2 78.6

14 , 738 6.0 55.2 24.0 88.2

15 790 7.4 62.6 22.5 100

.

% Non-distillable residuum: 36.3; cumulative % 98.9; ‘API 11.4

% Asphalt in residuum: 57



TABLE 3-15. FRACTIONAL DISTILLATION DATA ON WILMINGTON, CALIFORNIA CRUDE OIL.

Fraction Cut Temp
Cumulative g

Volume Cumulative
No. ‘F

‘API Based on Total
Percent Percent 60”F Distillable Only

1“ 122
2

3

4

5

6

7

8

9

10

11

12

13

14

15

167

212

257

302

347

392

437

482

527

580

638

685

738

790

2.3

2.4 -

2.4

2.5

2.8

3.6

4.4

5.3

4.7

6.3

4.1

5.5
*

2.3

4.7

7.1

9.6

12.4

16.0

20.4

25.7

30.4

36.7

40.8

46.3

68.6

58.7

53.0

48.1

43.2

38.8

35.4

32.3

26.8

24.5

22.3

20.3

5.0

10.2

15.3

20.7

26.8

34.6

44.1

55.5

65.7

79.3

88.1

100

% Non-distillable residuum: 53.5; cumulative % 99.6” OAPi 8 9
$ .

% Asphalt in residuum: 42

* Distillation discontinued at 740°F
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based on the total distillable” fractions only. That is, it is a temperature

vs. percent distilled curve for the fraction of the oil which can be distilled

below 790°F, and thus, the weight of each distillate cut has been normalized

to the overall weight of the total distillate obtained. These data illustrate

that at a given temperature, less total material of the distillable fraction

has been distilled for

Inlet crude, and this

component concentrations

Prudhoe Bay and Wilmington crude vs Murban and Cook

again reflects the somewhat higher molecular weight

of the Prudhoe Bay and Wilmington crude oils.

In”line with this characterization approach Prudhoe Bay crude oil was

subjected to a true bo~ling point distillation at atmospheric pressure using

the TBP apparatus shown in Figure 3-14. An aliquot of 1.5 1 of fresh Prudhoe

Bay crude oil was subjected to a 15 theoretical plate packed column distilla-

tion. This distillation was carried out at a reflux ratio of 6:1 and followed

the procedure outlined in (TIEGE, 1980). A total of 13 distillate fractions

and the pot bottom residues were collected and then subjected to characteriza-

tion by FID-GC. Figures 3-15 and 3-16 present the FID-GC obtained on the

whole crude oil and selected distillate cuts. Boiling points for each cut are

presented in the figure legends. The

unfractionated Prudhoe Bay crude oil.

Index 700) through nC-32 (KOVAT index

in Figure 3-15B ~s of distillate cut

chromatogram in Figure 3-15A is of whole

Resolved components from heptane (KOVAT

3200) can be observed. The chromatogram

1 and most of the collected components

were so volatlle that they were masked by the solvent peak which for these

characterizations was carbon disulfide. Chromatogram C shows the components

present in distillate cut #3 and in this instance the measured peaks include

compounds in the KOVAT 700 to 800 range. Distillate cut #5 shown in Chro-

matogram D contains components in the KOVAT index 700 to 850 range with a

maximum at nC-8 (KOVAT index 800). Higher boiling distillate cuts are shown

in Figure 3-16, and the Chromatogram A shows distillate cut #7 which is cen-

tered around

750 to 1000.

and includes

(Chromatogram

nC-9 (KOVAT index 900) with a range extending from KOVAT index

Distillate cut 11 is centered around nC-10 (KOVAT index 1000)

components boiling between nC-9 and nC-lCl. Distillate cut 12

C) shows a clean fractionation witn all the components in the
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Figure 3-14. True Bolllng Point (TBP) 15 Theoretical Plate Distlllatiorl
Apparatus used for Characterlzatlon of Whole and ‘deathered Crude (lIls for
Experimental Veriflcatlon  ot Mass Balance Predictions.
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GC-FID Chromatogrms  of Distillate Cuts of
(A) Fresh Oil Before oisti~~ation~  (B)ocut
(186°-2090F), and (D) Cut #5 (233 -259 F).
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Figure 3-16. GC-F?D Chr~atog~ams  of Distillate  C~ts o~ Frash Prudhoe Bay C~ude ail. (Al
Cut #7 (282 -304 F), (B) Cut #9 [324 -348 F), (C) Cut #11 (369 -393 F), (0)
Cut #12(393°-4140F),  and (E) Pot Resjdue (Bottoms) After Distillation.
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nC-10 to nC-12 ran-ge present with the majority of mass contributed by nC-11

(KOVAT index 1100). Cut #12 which was the last cut obtained under atmospheric

distillation conditions contained a trace of nC-10 with the majority of compo-

nents observed between nC-11 and nC-13 (Chromatogram D). The chromatogr,am
, qenerated from the still bottom residues for nondistilled residual under atmos-

pheric conditions is shown in Figure 3-16E and in this case all components

below nC-11 (KOVAT index 1100) are clearly removed with the majority of the

mass of

through

between

oil made up by the resolved n-alkanes from nC-12 (KOVAT index 1200)

nC-30 (KOVAT index 3000) and the unresolved complex mixture eluting

KOVAT inde~ range 1200 and 2300.

Table 3-16 presents the experimental fractional distillation data

obtained on the Prudhoe Bay crude oil sample distilled under atinospheric condi-

tions. Comparison of the experimental data in Table 3-16 with those published

by (Petroleum Publishing Co., 1973) shows very close agreement.

3.2 SELECTION OF PRUDHOE BAY CRUDE OIL FOR FURTHER OIL MEATHERI NG STUDIES

Based on these results, Prudhoe Bay crude oil was selected as being

the best candidate for extensive sub-arctic weathering studies. Prudhoe Bay

crude oil has an API gravity somewhat lower than the Murban or Cook Inlet

crudes, yet its aliphatlc fraction is represented by an evenly repeating

series of alkanes (unlike the Wilmington crude) which facilitates examination

of evaporation, dissolution and microbial degradation processes. Also,

Prudhoe Bay crude oil has a relatively high percent asphaltic  fraction and

intermediate levels of nickel, vanadium, sulfur and nitrogen, maki%g it an

ideal oil for extended studies investigating the formation of water-in-oil

emulsions or mousse (PAYNE, 1981). As demonstrated by the synchronous scan UV

fluorescence data and the selected ion monitoring relative abundance plots fOr

the polynuclear  aromatic hydrocarbons, Prudhoe Bay crude oil is intermediate

in overall aromatic hydrocarbon composition. On this basis, the Prudhoe Bay

crude is a good representative selection for toxicity determinations on

weathered crude oil. Finally, while both Cook Inlet crude oil and Prudhoe Bay
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Table 3-16. Comparison of Atmospheric Distillation Data for Prudhoe Bay (North Shore) Oil

SA I Published
SA I Cumulative Published* Cumulative

cut # SAI TBP Cut Temp. Volume % Distilled TBP Cut Temp Volume % Distilled

“Lights”

1

2

3

4

7

8

9

10

11

12

<107”F

107-151

151-186

186-209

209-233

233-259

259-282

282-304

304-324

324-348

348-369

369-393

393-414

1*3

2.9

4.7

6.3

8.0

9.8

11.5

13.2

14.8

16.3

17.9

19.4

20.9

<97°F

97-178

178-214

214-242

242-270

270-296

296-313

313-342

342-366

366-395

395-415

2.6

4.1

6.2

8.2

10.2

12.2

13.2

15.2

17.1

19.1

21.1

*Evaluation of World’s Important Crudes Petroleum Publishing Co., Tulsa, OK (1973)



crude oil have a higher potential of being released in sub-arctic environ-

ments, the selection of Prudhoe Bay crude over

by the fact that it contains relatively higher

d~benzothiophenes.

Cook Inlet crude was supportec

levels of the alkyl-substitutec
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4.0 OIL WEATHERING MODEL DEVELOPMENT

The objectives for a mathematical

ocean surface are to temporally predict both

mode? of oil weathering on the

the mass of oil remaining in the

slick and the chemical composition and physical properties of the oil slick.

These two objectives require that oil composition be described in terms of

both specific components and component categories, Or “ps.eudocompounds”.

Pseudocomponent classification has been widely used in the petroleum industry

to describe crude oil because of the inherent interest in bulk oil character-

istics and accounting for total mass. A specific-component description IS of

interest in describing spilled oil as a changing source of foreign chemicals

to an aquatic ecosystem, but the complexity of oil composition makes it im-

practical to keep track of bulk oil mass in terms of Individual components.

The open-ocean oil-weathering model presented in this report iias been

developed over the last three years. Additional stand-alone models have been

derived and used to guide experimental and development work, and are presented

also. The most developed models are mass transport models which describe

evaporation and dissolution processes. These two processes described molecu-

lar transport in contrast to the dispersion oil-weathering process. The dis-

persion process describes the transport of discrete oil drops into the water

column due to wind/wave action and other parameters. The models presented

here implicitly describe how a pseudocomponent  (bulk oil) model provides in-

formation that must be used to describe specific component transport. These

models incorporate the concepts of interracial mass transfer, the considera-

tions of both mechanically well-stirred and stagnant oil phases, the effects

of slick spreading, and the boundary conditions Imposed on

environment. In addition, these models include descriptive

specific compound concentrations in the air and water columns

a slick or other spilled oil phase.

the oil by the

predictions of

in contact with

Both portions of the model require distinct and independent mathemati-

cal formulations. In order to predict the mass of oil remaining in a slick as
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a function of time, a method of characterizing the bulk oil with respect to

the various transport processes that alter and dissipate oil must be utilized.

The total oil mass cannot be characterized by its Individual components be-

cause of their number and complexity, and the limitations of analysis. To

compensate for these limitations, the pseudo-component approach “cuts” oil

into a number of fractions, assigning appropriate physical properties to each.

In attempting to predict the mass of oil remaining in a slick, the

two most important mass transport processes to consider are evaporation and

dispersion. Of these two, evaporation appears to have the greater influence,

certainly over short time scales, making vapor pressure an especially impor-

tant oil characteristic. Adequate description of the dissolution process, on

the other hand, requires water volubility information. The pseudo-component

approach to describe these processes is to cut the oil into a number of frac-

tions based on properties of distillation fractions.

The pseudo-component approach, which is that taken in virtually all

previous efforts to model oil weathering, is singularly useful for providing a

total material balance verses time for spilled oil (especially for slicks).

However, this approach does not predict the time-dependent material balance

for specific chemical components. In order to obtain component-specific in-

formation, component-specific physical properties (e.g., solubilities, vapor

pressures and other phase partitioning parameters) must be used. There have

been no other functional component-specific models developed previously.

Ironically, most of the data generated when an actual oil spill has occurred

have been component-specific concentrations across phase boundaries, and vir-

tually no pseudo-component concentration data have been reported.

Although evaporation and dispersion are the oil-weathering processes

of most importance during the initial stages of a spill, other longer-term

weathering processes destroy and produce compounds to a degree that is impor-

tant to any component-specific model. In the case of photo or autoxidation,  a

compound may chemically react to become an aldehyde, ketone, alcohol or
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acid: all of which are more soluble in the water column that

hydrocarbon compounds. Similarly, metabolizes of microbial

are the precursor

degradation have

physical properties markedly differeht from their corresponding parent com-

pounds . Such “fringe” processes, which are not unimportant, are typically

more complex than are the evaporation and dispersion processes, increasing the

complexity of their mathematical descriptions.

In discussing the segments of the model which follow, three basic

aspects have been considered for each oil weathering process:

(1) physical properties (of bulk oil and

(2) ;~;;s;al ante equations (for specific

specific components)

components and pseudocompo-

(3) environmental parameters (which the oi 1 encounters upon being
spilled) .

Physical properties include the thermodynamic and transport characteristics

required to describe a particular process. In the cases of evaporation and
dissolution, thermodynamic properties are the vapor pressures, Henry’s Law

coefficients, solubilities,  and mixing rules, while the transport properties
include diffusivities, viscosities and, again, mixing rules.

4.1 Pseudo-Component Evaporation of Oil

Predicting the quantity of oil in the slick as a function of time

requires that a total mass balance approach be used. It is not possible to

write a total material balance for crude oil by using component-specific infor-

mation. If one tries to use component specific information, it soon becomes

apparent that all the components in crude oil will never be identified, thus

precluding an accounting of the total mass of the oil. No predictive equa-

tions have ever been successfully developed based on specific components where

the purpose of prediction was a total mass balance for oil.
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The question

oil to make specific

properties of oil as

an oil must be done

4

then is raised as to how one uses bulk properties of the

predictions? The petroleum industry refers to these bulk

“characterization parameters”. The characterization of

with respect to a specific prediction as the objective.

For example, when the prediction (process design or mathematical model) is a

process that involves vapor-liquid transport, the characteristic parameters

are then vapor pressures or partial pressures. When the prediction is the

performance of a catalytic reformer where naphthas are converted to aromatics,

the characteristics required on the catalytic reformer feedstock are combined

contents of paraffins-olefins-naphthas-aromatics,  referred to as PONA. Kinet-

ic equations use PONA values as starting concentrations along with kinetic

constants to predict the product from the

these examples illustrate a pseudo-component

“lumped” model.

catalytic reforming process. Both

model , sometimes referred to as a

In predicting the mass of oil remaining in an oil slick as a function

of time as evaporation proceeds, characterization of the oil must be with

respect to vapor pressure. An overall mass balance utilizes the vapor pres-

sure and environmental parameters to predict loss of oil and, therefore, mass

of ‘oil remaining in the slick. The following discussion considers: 1) the

procedure for characterizing crude oils with respect to pseudo-component vapor

pressures and 2) the pertinent equations for the overall mass balance as they

apply to

4.1.1

the use of the overall oil weathering model.

Pseudo-Component Characterization of Crude Oil

The standard inspections on a crude oil include distillatiofi, density

of the distillate cuts, and viscosity of the distillate cuts. There are virtu-

ally no component-specific data that can be obtained which will allow adequate

prediction of the bulk properties of the oil. The standard distillation data

come frti either a true boiling point (TBP) distillation or an ASTM (American

Society for Test and Materials) D-86 distillation; both are usually carried

out at one atmosphere total pressure. Each of these distillations can be
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carried out at 40 n?n Hg tots’

tile fractions of the oil .

Either distillation

pressure to obtain information on the less vola -

is conducted in a manner such that the distillate

fractions are collected separately (i.e., the fraction distilling at” 50 to

75°C is physically separated from the fraction distilling at 75 to 100”C).

The total number of fractions collected is usually five to seven, but can be

as many as 20. Characteristic data for the distillate fractions include the

temperatures at the beginning and end of each fraction (or “cut”), sometimes

in the form of a continuous curve of temperature vs percent distillate. The

API (American Petroleum lnsti~ute) gravity for each cut is then measured, as

is occasionally the viscosity of each cut.

Given the boiling point (1 atm) and API gravity of each cut (or

pseudo-component), the vapor pressure of t~e cut as a function of temperature

can be calculated. First, the molecular weight and critical temperature of

the cut are calculated according to the following correlation (FALLON and

WATSON , 1944):

Y
= c1 + C2X, + C3X2 + C4X1X2 + c5xf + &

where Xl is the boiling point (°F) at one atmosphere,

and the constants Cl to C5 have the values indicated in

(4.1)

X2 is the API gravity,

Table 4-1. Similarly,

the critical temperature can be calculated from the same equation form us’

the indicated constant values in Table 4-1.

Next the equivalent paraffin carbon number is calculated according

(GAMSON and WATSON, 1944):

Nc = (MW - 2)/14

ng

to

4-5



4=

&

TABLE 4-1. CORRELATION EQUATION CONSTANTS FOR THE CHARACTERIZATION OF NARROW BOILING
PETROLEUM FRACTIONS (see text for equation form).

PROPERTY c1 C2 C 3 C4 C 5 C6- -. . -.

Molecular weight
t < 500”F~ . .

Molecular weight
t > 500
b

Critical temperature

‘bs 500

Critical temperature
tb > 500

b’

Kinematic vis,
CS 1? 122°F
API. ~ 35

Kinematic vis,
CS @ 122”F

6.241E+01 -4.595E-02

4.268E+02 -1.007

4.055E+02 1.337

4.122E+02 1.276

1.237E-02 2.516E-01

-4.488E-01 -9.344E-04

-6. 019E-01 1.793E-03

-2.836E-01 3.?56E-03

-7.491 1.380E-02

-2.662 -2.169E-03

-2.865 -2.888E-03

4.039E-02  -4.024E-02

J.583E-02 -5.219E-f15

-3.159E-03 -5.lE-06

4. 578E414

1.047E-03

-4.943E-04

-3.707g-04

-----

5.2688-06

9.067E-07

5.279E-04

2.621E-02

1.454E-02

2.288E-02

-----

1.536E-04

3.522E-05



The critical volume is then calculated according to:

Vc = (1.88 + 2.44 Nc)/0.044

and the critical pressure is calculated from:

20.8TC

‘c=~+p:

(4*3)

(4.4)

where PC
- = 10 to correct the critical pressure correlation from a strictly

paraffinic mixture to a naphtha-aromatic-paraffin mixture. Next a parameter

(b) is calculated according to

b = b’ -0.02 (4.5)
.

where

b, 3= Cl + C2NC + C3t’ic2 +  C4NC (4.6)

and the values of the constants Cl to C4 are indicated in Table 4.1.

A final parameter designated as A is then calculated according to:

(4.7)

where Tr and P ar~ the reduced temperature and pressure at the normal boiling

point. ?
5

he vapor oressure equation which can be used down to 10 mm Hg is:

-A(I - Tr)
10910 Pr [ b)q= ~  - 

‘ Xp ‘zO(Tr  - ,
(4.8)
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where A, b, Tc and Pc were determined from the normal boiling point and API

gravity of the cut. The temperature at which the vapor pressure is 10 mm Hg

can be obtained by the root-finding algorithm of Newton-Raphson.

Below  10 mm Hg, the vapor pressure is calculated according to the

Clausius-Cl apeyron equation as follows (GAMSON and MATSON, 1944):

and is based on the law which states the ratio “of the heat of vaporization, A,

to (1 - Tr)0*38 is a constant at any temperature. The latent heat of vapor-
*

ization is calculated from the slope of the natural log of the vapor pressure

equation with respect to the temperature at the temperature where the vapor

pressure is 10 mm Hg. Thus, in the above equation, P2

pressure at the temperature, Tr, previously determined.

A sample calculation for the characterization

oil is presented in Tables 4-2 and 4-3A. Table 4-2

inspections (COLEMAN, 1978; PPC, 1973) for the crude and

for the characterization calculations. Note that the

is the 10 mm Hg vapor

of Prudhoe Bay crude

presents the standard

is the starting point

distillation in Table

4-2 was conducted at 40mm Hg for cuts 11 to 15. Thus, these cut temperatures

must be corrected to one atmosphere (API, 1976). Table 4-3A presents the

computer generated output along with the corrected cut temperatures. The

characterizations of Cook Inlet, Murban, and Wilmington crudes are presentec

in Tables 4-3B through

these characterizations

4-30, and the vapor pressures at 55°F calculated fron

are presented in Table 4-4 for all four crudes.
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Tab?e 4-2 STANDARD INSPECTIONS FOR PRUDHOE BAY CRUDE OIL (COLEMAN, 1978)
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Table 4-3A CHARACTERIZATION OF TBP DISTILLATE CUTS FROM

COOK  v MS 10N IS CUTVIY4 OF FEOOUARY  U2
lTk2i 9, &wm.E  i’teet

II
12
13
14
15

Tll
I .671i+02
2. f2i!+e2
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Table 4-3B CHARACTERIZATION OFTBP DISTILLATE CUTS FROM COOK INLET CRUDE OIL
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Table 4-3c CHARACTERIZATION OF TBP DISTILLATE CUTS FROM MURBAN CRUDE
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Table 4-3D CHARACTERIZATION OF TBP DISTILLATE CUTS FROM WILMINGTON CRUDE OIL
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4.1.2 Pseudo-Com~onent Evaporation Model on the Ocean Surfacei

The evaporation model which predicts the oil remaining in a

derived from the physical properties of the oil cuts and a total

balance. From the previous discussion a number of pseudo-components

slick is

material

are de-

fined. For each pseudo-component the vapor pressure, molecular we~ght and

initial quantity are known, and a material balance can be written to include

each:

dMi

F = -KiAXiP; for i = 1, 2, total number
““””*””””of  components {4.10)

where it is assumed that the oil slick is well stirred and a pseudo-Raoult’s

law applies as the mixing rule. In this rate equation, Mi is the number of

moles of component i in the oil slick, P; is the vapor pressure at the pre-

vailing environmental teniperature, A is the area of the slick, Ki is an over-

all mass-transfer coefficient based on partial pressure driving forces, and xi

is the mole fraction of component i in the slick. The differential equations

are all coupled through the mole fraction term where the total number of moles

appears in the denominator.

The over-all mass-transfer coefficient can be calculated two differ-

ent ways. One way is the approach of MACKAY and MATSUGU, 1976.

K = 0.0292 U“”78 X-o”ll Sc-0”67 (4.11)

where U is the wind velocity in m/hr, X is the slick diameter (assumes cir-

cular slick), and Sc is the Schmidt number (2.7). This expression is a correl-

ation and is the proper mass transfer coefficient to multiply by the partial
pressure. to obtain the rate. Here K is specific to a particular cut i through

the Schmidt number.
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Impllcit in the rate equation for the i-th component is the assump-

tion thet the partial pressure in the bulk atmosphere is zer~. It can then be

seen that the mass transfer coefficient above takes into account {through the

X term) an averaging effect whereby the evaporation rate on the downwind pQr-

tion of the slick is lower than the upwind portion due to the fact that Pi

becomes finite in the air immediately over the oil slick in the down-wind

direction.

Another approach t~ calculating overall mass transfer coefficients is

that of TREYBAL, 1955, and LISS, 1974:

(4.12)

where k
9

is the individual gas-phase mass-transfer coefficient, kg is the

individual liquid-phase mass-transfer coefficient and H* is the Henry’s law
coefficient which is defined by:

Pi ~ H*xi
(4.13)

The units on kg for a partial pressure driving force are typically moles/(m2

hr ● atm), the units on k ~ for a mole fraction driving force are moles/(m2 ,

hr), and the units on H* are atm. The individual mass transfer coefficients,

k$ and k , must then be obtained from actual data in a manner similar to that

used to ~educe K in equation (4.11).

,:~>,.’<.

The other bulk property of interest for the oil sl~c’k;,i.  s its visco., . .>..
sity. When oil is spilled on the ocean surface, the visc@~~$~~jS.?ow enOu9~

so that mixing occurs and the well-mixed oil-phase assumptlo~~;~t~.i~alld.  How.
., j .;;> :
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P— =  exp(K4F) {4.14a)Mo

where U. is the viscosity of the unweathered oil at 25CC, F is the fraction

weathered (i.e., how much has evaporated and dissolved), and K4 iS an oil-

dependent constant (TEBEAU, et al., 1982). Previously, a viscosity blending

rule was used as (REID, et al., 1977).

(4.14b)

where ui is the viscosity of each (unweathered) cut and xi is the mole frac-

tion. In order to use equation (4.14b) it is necessary to have as input the pi

at some reference temperature. If the ui are not available then ~i can be

estimated from the correlation form indicated in equation (4.1) where the

predicted quantity Is log10 of the kinematic viscosity at 122°F in centistokes

and the constants Cl to C5 are presented in Table 4-1 (HOUGEN, 1965). This

viscosity mixing rule has been found to be inadequate in that it always pre-

dicted a bulk oil viscosity that was too low; thus, the reason for its replace-

ment.

The bulk viscosity predicted

respect to temperature according to the

from equation (4.14a) is scaled with

Andrade equation (GOLD, 1969) which is

(4.15)

where U. is the viscosity of the bulk oil at 25”C, and B is an oil-dependent

constant. None of the above viscosity equations take into account water-

in-oil emulsion (mousse) formation (MACKAY, 1980).
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The area for mass transfer in equation (4.10) is calculated from the

rate at which the oil spreads on the water surface. Considerable research t’tas

been devoted to the spreading of oil on the water surface; however, many of

the resulting models are still relatively elementary. The spreading model

used is due to MACKAY, 1980 since this model is based on observations.

Using arguments based on observations the area of the slick is calcu-

lated according to the differential equation

= K z1.33 AO.33
$3

(4.16)

where A is the slick area, Z is the thickness  and K3 is a Constanto This

equation is sometimes referred to as the thick-slick area (MACKAY, et al,

1980) ● Other spreading equations such as those based on gravity-surface ten-

sion theories have been found to be inadequate on the open sea surface.

The prediction of water-in-oil emulsification fmOUSSe) is important

in oil-weathering material balances because’ of the viscosity change due to the

incorporation of water into oil. The water-in-oil emulsification formation is

based on three parameters (MACKAY, et al., 1980) which appear in the following

equation:

(1 - K#) exp [~]= exP[-K~t] (4.17a)

where W is the weight fraction water in the oil-water mixttir”~> K1 is a con
-

stant in a viscosity equation due to Mooney (MOONEY”;’’ ”1951), Kz is a

coalescing-tendency constant, and K3 is a lumped water-iricorporation rate

constant. The viscosity equation due to Mooney is ,.
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where IJo is the parent oil viscosity and KI is usually around 0.62 to 0.65 and

apparently does not change much with respect to different types of oils. The

constant K2 above must satisfy the relation K2W <1 In order for the water

incorporation rate term (right-hand s~de of equation 4.17a) to be >0. Thus,

K2 is the inverse Of the maximum weight fraction water in the mixture. K3

the water incorporation rate constant and is a function of the wind speed.,

The dispersion (oil into water) weathering process is described

two equations (MACKAY, 1980). These equations are:

F = Ka (V + 1)
2

FB = ( l+ K@Xjl

is

by

(4.17C)

(4.17d)

where F is the fraction of sea surface subject to dispersions per second, V 1.s

the wind speed in m/see and Ka is a constant. FB is the fraction of droplets

of Oil below a critiCal size which do not return to the slick, Kb IS a Cm-

stant, v is the oil viscosity in centipoise, x is the slick thickness in

meters, and d is the oil/water interracial surface tension in dynes/cm. The

mass fraction that leaves the slick as dispersed droplets is Fb F and this

fraction applies to each cut of oil.

Figure 4-1 presents an abbreviated flow chart of the calculation

performed in the open-ocean oil-weathering code. The majority of the coding

is in settling up the required physical properties and kinetic constants. The

actual integration routine is relatively small.

Figures 4-2(a) through, 4-2c present plotted results for c~lculated

oil weathering results in Table 4-5. The plot routine that produces Figures

4-2(a) through 4-2(c) is not part of the oil-weathering code. The plot
routine reads a plot file which is generated by the oil-weathering code. The

plot file is essentially numerical results only (no formatting) and contains
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FIGURE 4-1. AB13REVIATED BLOCK FLOW
OIL-WEATHERING CODE.

DIAGRAM FOR OPEN-OCEAN

1. SPECIFY OIL

2. CALCULATE PHYSICAL

& T H E R M O D Y N A M I C

PROPERTIES

I

1
1. SPECIFY ENVIRONMENTAL

PARAMETERS TEMPERATURE

&WIND SPEED

2. CALCULATE KINETIC

I CONSTANTS I

1. INTEGRATE DIFFERENTIAL

MATERIAL BALANCE

EQUATIONS FOR

EACH CUT IN CRUDE

(!)END
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PREDICTED TBP DISTILLATION CURVES

FOR NEATHERED OIL AT 55 F & 10 KNOTS
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Figure 4-2(b)

PREDICTED GC DISTILLATION CURVES

FOR WEATHERED OIL AT 55 F & 10 KNOTS
STEN= 30, KB= 50, VOL= 5000 BBLS
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all the calculated numbers for the purpose A. fur$her manipulation which ca

be prln~, tape or plot.

& . .
Flqure 4-2(a) is a predicted true boll point (TBP) distillation curv

for the weathered crude. Thus , tnis is a prediction of the oil-compositlo

versus time that

gas-chromatograph

4-2(a) except for

gas chromatography

can be-field tested. Figure 4-2(b) presents a predlcte

distillation curve which is essentially the same as Figur

the normalization. It has been arbitrarily dssumed tnat th

will not transport the 850”F+ material.

Figure 4-2(c) presents the predicted mass fraction of’ the sllck re

mainlng. This figure shows. the combined effects of evaporation and disper

slon, which are the two primary oil-weathering processes that remove 011 frol

an 011 sllck. Dissolution does not account for more than a few percent of th

mass loss of a slick; hence, dissolution is not included in the ma”terial bal

ante differential equation list.

Fiqure 4-5 is an example of abbreviated output (80-column) whlc

presents numerical results for the weathering of Prudhoe Bay crude at 55°F 1

a 1(1-knot wind. The cut information which numbers 1-15 presents the physics

properties of the cuts: molecular weight, vapor pressures, density dnd boll

ing point. The klnetlc parameters are contained In the mass-transfer coeftl

cient code (2 in this case), wind speed and temperature. The integrate

material balance presents the volume remaining in the slick, the density

area, thickness, weight % water-in-oil, evaporation rate, mass per unit are

and compositional information. More detailed output is also generated but 1

quite lengthy, and an example of such is presented in Append~x  B: User’

Mdnual .
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OIL WFATHERIRC  FOR PRUDH(IE BAY, ALNFFJ3

CODE VERSJOff 1S ~~P2 OF FEBRUARY 83
TEflF’FXATURE= 55.0 DEG F, h’~~~ SPEED=
SPILL SIZE=

16.0 KNOTS
5.800E+03 BARREL!!

M,ISS-TRANSFER  C~~EFFICIENT  CODI?= 2

FOR THE OUTPUT mAT FOLLOW, PfOLF.S=CRJWf  MQL=Q
GMs=crl)lms, \’P=\7APOR  PRILWURE ]N ATMOSP[{~&~
BP=BOiLIfW POJ~ IN ~EC F, AP1=CRAVITY
fW=MOLECUL4R WEIGHT

CUT MOLZ~ &f~ VP BP API mu
1 1 08E+$35 1 .l+E+07 7.66E-02 ! .67E+e: 7.27E+01 ~9
2 1 .46E+95 1 .48E+07 2.4iE-62 2.12F.+02 6.42E+61 101
3 1 .82E*05 2 .f37E+07 6.74E-03 2. 5iE+i12 5.67E+01 113
4 I .71E+f35 2. IqE+O~ I .62E-$33 3.t32E+@2 5.i6E+0i 127
5 1.61E+85 2 .3$3E+W 3.55E-04 3.47E+92 4.76E+01 143

I .37E+@5 2.2@E+07 6.90E-t?5 3.92E+02 4.52E+01 166
; 1 .55E+95 2.7TE+07 1 .~5E-95 4.37E+@2 4.15E+01 177
8 1.61E+05 3. 15E+07 2.06E-@6 4.82E+02 3.78E+01 195
9 I .57E+05 ~.~4~+.~~ 3.3GE-07 5.27E+@2 3.48E+0i 212

10 B. 13E+434 1 .92E+&37 3.10E-88 5. 80E+f32 3.06E+t31 236
11 1 .65E+95 4.5@E+t?7 1.51E-09 6.3i3E+02 2.91E+01 272
~~ 1.61E+05 4.8011+07 ~.zl~-1~ 6.85E+@2 2.b2E+@l 298
!3 I .~~E+05 4.29E+e7 4.79E-12 7.38E+e2 2.4t3E+el  334
14 1 .42E+05 5.35E~e7 1.21E-13 7.90E+82 2.25E+01 375
15 4.71E+05 2.&3E+08 e.0t3E+@0  8.5@E+@2 1.14E+ei 6e0

MOUSSE CONSTANTS: MOONEY= 6.20E-01, MAX K20= e.7e, ~Irm**2= 1.00E-e3
Dispersion CON.STAhTS:  KA= 1.(38E-431,  KB= 5.O@E+$Jl, S-TENSIOi’1= 3.00E+el
VIS CONS’PAiWS:  VIS25C= 3.5eE+01 , AlfDR4DE = 9.eOE+03. FRACT = 1 .e5E+01

FOR THE OUTPUT THAT FoLLOW. TIME=HOURS
BBI-=R4RRELS , spcn=SFEC]F~c  GRAYI”~f, AR~A=H*M
~{!c~N~Q9=cM, k=PERCEFT WATER IN @IL (MOUSSE)
DrSP=DiSP~ERSlON RATE IN Grls/Fr*rwrm
ERATE=EVAPOBTIOR  P.ATE In C!KXMX!V5R
WA=f’tASS PER II*!Y OF OIL 1?$ THE SLICK
l=FIRs5 CUT ~ITR Gi?EATZR TiL%N 1% (PL4SS) RE?LAIRIRG
J=FIR~ CUT ~ITR CRMTEFi THAN W% (f’fASS) RE7’fAINiPW

TIME BBL SPGR ARF!24 TRICKIWSS W
@ 5.0E+e3 e.83 4.tiE+04 2.@E+@O

DISP ERATE WA J
0 i.6E+0t 9.OE+OO 1.8E+04 ; i

1 4.i3E+03 e.8G 9.7E+@4 7 . 9 5 - $ 3 !
2  4.7E+03 0.89 1.3E+@5 5.7E-@l

2  1.3E+91 1.7EH?2 7.@E+@3 1  2
5  1.2EH31 7.4E+01 5.IE+83 2  3

3 4.6E+OS 6.89 1.6E+(35 4.7E-+31
4 4.6E+03 @.89 f.8Z+05 4.lE-8!

7 1.lE+O1 4.4E+$31 4.2E+93 2 4
9 9.7E+@e 3.0E+9i 3.7E+WI 2 4

5 4.5E+B3 9.89 2.@E&@5 3.7E-01 12 a.9E+e@ 2.2E+@l 3.3E+e3 3 4
6 4.5E+e3 0.89 2.IE+95 3.3E-01 14 8.3E+00 f.7’E+9f 3.@E+e3 3 4
7 4.4E+@3 9.W3 2.GE~P5 3.lE-01 16 7.7E+W i.4E’91 2.8E+93 3 4
8 4.4E+Q2 0.90 2.4E+@5 2.9E-Ctl 18 7.2E+W t.lE+@t 2.6E+B3 3 5
9 4.3E+e3 $?.99 2.6E+e5 2.7K-el 20 6.7E+W 9.lE+@e 2.4E+03 3 5

IQ 4.3E+e3 0.9@ 2.7E+e5 2.5E-e~ 22 6.3Z+efi 7.8E+~6 2.3E+e3 4 5
11 4.3E+93 t+.90 2,8E4@5 2.4L-BI 24 5.9E+00 6.8E+O@ 2.2E+W 4 5
i~- 4.3E+93 o.q@ 2.9E*@5 2.3c-~~ 26 5.5E+@9 6.@E+@@ 2.lE+f33 4 5
13 4.2E+@~ @.9@ 3.@EA@5. 2.2E-01 27 5.2E+e8 5.4E+e@ 2.eE-e3 4 5
14 4.2E+k?3 @.90 3.lE+@5 2.lE-ei 29 4.9E+ee 4.8E+e0 I .9E+e3 4 5
15 4.2F.+t33 0.90 3.2E+OX 2.IE-Oi 31 4.7’E+W3 4.3E+69 t .8E+03 4  5
16 4.2E+03 0.9@ 3.3E”$35 2.OE-@l 32 4.4E+@0 3.9E+0e 1.13E+@3 4  5
17 4.lE+t33 O.W 3.4E+e5 1.9E-61 34 4.lE+Oe 3.5E+ee 1.7E+e3 4  5
18 4.IE+03 0.90 3.5E++35 1.8E-fl! 3 6  3.9E+e3 3.2E+ee 1.7E+@3 4  5
2Q 4.!E+$33 @.9@ 3.6E+@5 i.8E,-01 37 3.7E+0e 2.9E+89 I .6E++33  4  6
21 4.)E++?:3 @.9fd 3.7ETQ5 1.7E-@l ~Q ~.~E+@e 2,~E+e(j I.fjE+@~ 4  6





processes :

@ evaporation

s dispersion

@ s p r e a d i n g

the Appendix pre-

Iisting. It iS

common terms used

to describe oil in the .9!?JirC.M7QPI. Ti-lus , the Ljser’s Manual and the code

itself was written to aid the user in gaining the knowledge necessary. Al 1

that is required to use the cade is the User’s Manual and to LOGIN on the

computer (as described).
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gradients. In other words, the surface resistance to heat transfer is much

greater then the internal resistance. As a result the temperature of a thin

plate is essentially uniform and the thin plate problem solution is the same

as that obtained for a well-stirred phase comprising the plate. A ~articular

plate can be classified as thermally thick or thin according to the Biot

number (ROi-lSENOW  and HARTNETT, 1973) which is:

Bi :
h6

(dimensionless)
T

(4.18)

where h is the surface conductance, d is the plate thickness and K is the

thermal conductivity. Roughly, for a flat plate with the convective boundary

condition:

thin, BI<O.1 ; thick, Bi>O.1 (4.19)

The Biot number as defined above is the same as H in the solutions for the

temperatures of a well-stirred fluid in contact with a slab with “radiation”

boundary conditions (JAEGER, 1945).

The corresponding Biot number for mass transfer problems involving

flat plates is obtained by examining the following equations for heat and mass

transfer:

-K dT
m I = h(Tm - T)

x=()
(4.20)

where T is the temperature of the solid at the interface and Tm 1s the

temperature of the convective medium. The corresponding equation for mass

transfer is:

-g $ = h(cm - cm*}
xat~

(4.21)
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where $3 is ‘the diffusion coefficient in the slab, C is the concentration 1

the slab at the interface, Cm is the concentration of the convective mediun

C; Is the hypothetical concentration of the convective medium in equl]ibri~

with c, and h is now the convective mass-transfer coefficient. Ti

equilibrium relationship required is assumed to be a Henry’s law ,tyf

expressed as:

(4.2:

Equations (4.21) and (4.22) are not in the same form because of II

equilibrium relationsh~p that exists in the mass transfer case. Hcweve!

making the change of variable C; = EC in

&,‘Q dx

Now, compared to the heat

mass-transfer number becomes: ‘

the later equation yields:

(4.2:

transfer Blot number, the Bit

In order to use the Biot number criterion to determine if an o“.
slick 1s diffusion-controlled, the quantity C in the Henry’s law expression

required. The following CalCUl?ItiOn  i~~ustrates  the assumptions and ddl

required to calculate :. The starting point for the calculation is:

C a = <Ct (4.2!

where Cd is the concentration in the air, gin/cc; CR IS the concentration

the liquid, gin/cc; and E is dimensionless.
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In the absence -of experimental measurements of ~, a conventional

Raoult’s law is assumed:

Pi = xiPvp (4.26)

where ‘i is the partial pressure of component i, xi is the mole fraction, and

P is the pure component vapor pressure. In order to use this expression, itVp
must be assumed that:

where Mi is the molecular weight of i the component

meafl molecular weight of the oil, and P. is the

quantity RT/hli converts Ca to partial pressure and

(4.27)

of interest, M. is the

bulk oil density. The

the quantity Mo/(Po MT)

converts C~ to mole fraction; thus recovering Raoult’s law as used here. The

dimensionless Henry’s law constant sought becomes:

(4.28)

which has units of (gin-mole i)/(gm-mole oil) and is unitless according to the

use of mole fraction in Raoult’s law.

In order to illustrate the calculation of the 8iot mass-transfer

number, the vapor pressures for hydrocarbons containing 6 to 18 carbon atoms

can be predicted from (BUTLER, 1975):

Pi = exp [10.94 - 1.061f1] (4.29)

where Pi is the vapor pressure in rmn Hg at 20”C and Ni IS the number of carbon

atoms. The quantity 5 becomes:
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Assuming a mean molecular weight for the oil of

density of 0.8 gm/cm3, Equation (4.30) becomes:

c .= 2 x 10- 5 exp [10.94 - 1.06Ni~

(4.30)

300 gms/gm-mo?e and a bulk oil

(4.31)

at 20”C, and the above can be used to calculate the Biot mass-transfer number.

In order to calculate the Biot mass-transfer number, the diffisivity

of the comrIonent  of interest, the convective mass-transfer coefficient and oil

thickness must be estimated.

used (REID, 1977); a slick

mass-transfer coefficient a

The Biot mass-transfer number

P
Eli ~ 1.4 x 10-5E

or , using the expression for:

For the diffusivity a value of 10-6 cm2/sec is

thickness of 0.5 cm, and for the convective

value of 1000 cm/hr (0.28 cm/see; LISS, 1974).

becomes:

(4.32)

Bi = 2.8 exp [10.94 - 1.06Nil (4.33)

Table 4-6 presents the 13iot mass transfer number for hydrocarbons

containing 6 to 20 carbon atoms. This table indicates that the “thin” plate

solution (i.e., the well-stirred phase assumption) is satisfactory, and that

it can be used for hydrocarbons n-C14 and higher in carbon number. Thus, for

these compounds the evaporation rate is so small that the diffusion transport

rate can “keep up”, and the concentration profiles within the oil are “flat”.

However, for hydrocarbons containing 13 carbon atoms or less, the evaporation

rate is much greater than the diftusion rate. As a result concentration

profiles can be present In the oil phase and the well-stirred oil-phase

assumption should not be used.
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Table 4-6. BIOT MASS TRANSFER NUMBER ($3=10-6 cm2/see, 6=0.5 cm,
h=1000 cm/hr, T=20”C) .

Ni - Bi
(carbon atoms~ (dimensionless)

- .<Y
Ij .:>52;f:+’’”T:q’;  &”””. 273. ,. .,

.,? 94. . 8 33
9 11

4
;; 1.4
12 0.5
13 0.16 diffusion control led

(convection>diffusive  rate)

0.05 (diffusive rate>convective)
;: 0.02 well-stirred
16 0.006 ~

0.002
;: 0.0008
19 0.!3003
20 0.0001
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It is important to recognize the assumptions used to calculate th

Biot mass-transfer number. The diffusivity assumed is 10-6 cm2/see, and it 1
-7 to

conceibale that a value of 10

dlfftisivlty appears in the denominator

the values presented in Table 4-6 could

no data available to determine the real

and it is not readily known how close to

1 0 -9 cm2/sec is real . Since th

of the Biot mass transfer number, al

increase accordingly. )lIso there ar

value of the equilibrium

reality the calculated va”

constant, C

ues are.

4.2.2 Material Transport Under Diffusion-Controlled Evaporation

The previous discussion presents information on the

assumption of a well-stirred oil phase for modeling

oil-weathering process. lt was pointed out that many

criterion for t.h(

the evaporation

assumptions wet-{

required to perform the calculation of the Biot

assumptions definitely require refinement.

evaporation process is diffusion-controlled

experimentally the well-stirred oil phase

mass transfer number and thes(

However, whether or not th(

it must be recognized than

model , whjch is a decayinl

exponential , appears to fit the observed data quitewll. Therefore, it i:

worthwhile to examine the mathematics of a diffusion controlled slab fro[

which components are evaporating and compare the observable variable with ~

first order decay law. The observable variable is the concentration of th(

component of interest in the air stream, or the bulk average concentration il

the fluid, as a function of time.

The numerical experiment performed here was that of calculating th{

theoretical air phase concentration of a component evaporating from ,

diffusion-controlled slab, and then fitting by least squares a decayin(

exponential to the “data”.

The concentration profiles in a diffusion controlled slab from whicl

a component of interest is evaporating are (CARSLAW and JAEGER, 1959):
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where C 1s the initial concentration throughout and 6 is the dimensionless

time: 0Qt/42. The evaporation rate, and hence the concentration of the

component of interest in an air stream above the surface,is  the derivative of

the above expression evaluated at the evaporating surface. The derivative

need not be multipljecl  by the area and diffusivity since these quantities only

“scale” the calculated concentration, and thus the calculated concentration jn

the air stream is in arbitrary units.

The results of this numerical experiment are presented

through 4-5. In each of the figures the fitting curve, which

Tn Figures 4-3

is A*exp[-k!3],

has four symbols marking it, and the theoretical curve is the one with no

symbols running from a dimensionless time of 0.1 to 1.5. In Figure 4-4 the

fitted “curve covers one e-folding time; i.e., the time required for the

theoretical curve to decrease by l/e = 0.367, beginning at 6 = 0.1. In

Figures 4-4 and 4-5 the fitted curves cover two and three e-folding times,

respectively.
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FIGURE 4-3. THEORETICAL AIR CONCENTRATION OF AN EVAPORATING COMPONENT ABOVE A DIFFUSION
CONTROLLED SLAB AND A LEAST SQUARES EXP (-k@) FOR A e-FOLDING TIME

FHR CONCENTRf3TION

= 2.18 exp(-2.50)

I 1 B
0.10 0:45 0:80 1.15 1.50
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The result of this numerical experiment is that the fitted A*exp[-kO~

curves cannot be distinguished in a laboratory experiment from the theoretical

curve. In other words, performing a laboratory experiment on evaporation,

fitting the data to A*exp[-k%~, and obtaining an apparently good fit of the

data is not sufficient to draw a conclusion about which mechanism is

controlling.

The results of this numerical experiment can be used to obtain a

single exponential expression to predict the decay of the air-phase

concentration above a diffusion-controlled slab in the followinq way. Note

that over the range of dimensionless time from fl.1 to 1.5 the “k” in the

exponential fit is about -2.5. Thus, exp[-kt] wher~ k = 2.59~f2, and t is

time in seconds, provides a good fit to the data over the ranae of the

independent variable examined.

These

evaporating oil

The method for

number in much

ciiscussions  have presented criteria to determine if an

slick should be modeled as a well-stirred or stagnant phase.

that determination has been based on the Biot mass-transfer

the same way the presence of laminar flow is based on the

Reynolds number. However$ the data required to calculate the Biot

mass-transfer number are not readily available, and estimates of these data

must be made.

The primary reason for wanting to know if the oil phase is

well-stirred or stagnant is that each of these states require different data

and equations for model development. If an oil slick is diffusion-controlled,

wind speed will not affect the average, time-dependent composition of the

diffusing component in the oil mass. On the other hand, if the oil phase is

well-stirred the wind speed will have an affect on the average composition of

the oil.

Even though an oil phase can be diffusion controlled, it has been

demonstrated that a decaying exponential will fit the air phase concentration
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data quite well. T!Ius , lf an experiment is conducted to determine if

evaporation from a“n oil slick is occurring from a well-stirred phase, it ~s

necessary to obtain a good fit to the data but not sufficient to d~stir?guish  a

well-stirred from a diffusion-controlled phase.

4,3 Component-Specific Evaporation from a Finite Oil Slick

The component-specific approach to model the evaporation process

cannot predict the total mass of oil remaining in a slick. This approach can

yield component-specific concentrations in the oil as a function of time when

coupled to a pseudo-component overall material balance. For each specific

component the rate of loss of component i from the slick takes the same form

as a pre-defined pseudo-component:

dCi

= -KAHiCi for i = 1, 2, ● . . . . . . ● .
K

(4*35)

where Ci is the concentration of component i in the o?l, Hi is the Henry’s lak

coefficient for the i-th component, and K and A are the same as those used in

the pseudo-component equations. There is no “closure” on the total mass of

oil remaining in the slick when the above equation is used because the index i

does not include all species. Therefore, the closure of the material bd~ii~C~

can be handled in any of three ways:

1) Ignore the decreasing slick mass and integrate equation (4.35)
directly;

2) decrease the slick mdss for those compounds for which z
differential equation is written;

3) use the pseudo-component material balance to calculate a total
slick mass and use this information in the differential

Using the last approach, the rate of loss of component i

sllck is written the same as before but now with the concentration Ci

equation.

from the

as:
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c =
1 ~i I’MT (4.36)

where gi is the mass of i and MT 1S the total mass of 011. 14T is calculated

from the pseudo-component differential equations.

This approach to component-specific evaporation modeling will predict

an increase in concentration with respect to time for those compounds with

very low or essentially zero vapor pressures. While approach 2) above would

also do the same, the error in predicting the total mass of oil remaining in

the slick is not known, and it 1s believed the pseudo-component prediction

will yield the best results when coupled to the component-specific model.

4.4 Component-Specific Evaporation from a Semi-Inf~nite  Oil Slick

The foregoing discussion on evaporation of components, from an oil

slick does not take into account the fact that the partial pressure in the alr

of 611 the components being transported from the oil through evaporation will

not necessarily be zero. For example, when the Henry’s law coefficient of a

compound is very low, it takes only a very small amount of it to saturate the

air, which is the case with a very volatile compound such as naphthalene.

Al SO , since the air above an oil slick is not of infinite “volume” due to

finite turbulent dlffusivities  which form transport boundaries, it IS

necessary to consider the effects of these conditions on component-specific

transport.

Consider an oil slick being continuously emitted from a point source

onto the ocean surface as shown in Figure 4-6. This sl~ck is referred to as

the semi-infinite slick. By writing differential material balances for both

the oil and air phases the following set of equations describes the

evaporation of component i:
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Figure 4-6. CONTINUOUS OIL SLICK WITH ORIGIN AT x =0; SURFACE IS Iil
y-x PLANE

.

. .

drifting ojl.z}
Y

4-42



(4.37)

where C .

denoting

the mean

!ienry ’s

Ca(x) = Cl at Zica

ca(’z) = 0 at ~ = o

= WI o
C H

at x =

.

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

s the concentration of the species of ~nterest with the subscript “a”

the air, H denoting the oil, i denotes the X = O concentration, Ua is

wind speed, ~z is the turbulent diffuslvity in the air, H is the

aw coefficient, U. is the oil velocity, $is ‘the slick thickness, and

K. is the over-all mass-transfer coefficient. This derivation essentially

follows that of SUTTON (1943) in which the evaporation of water from lakes was ~

studied. A modification of Sutton’s derivation was made here where the

over-all mass-transfer coefficient was introduced so that the results ot other

researchers can be utjlized. The width of the sllck does not appear in the

above equations as a result of the assumption that the slick width is con-

stant. This assumption will generally be valid only in tfie case where the 011

is emitted to the surface slowly.
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.

Equations (4.37) through (4.42) can be solved by Laplace transforms.

The quantity of interest is the concentration of a specific component in the

011. iino tn~ solutlon is:

where a and f? are the roots of:

ITtr

which may be complex. The other terms are defined as:

006

and

and

(4.44)

(4.45)

(4.46)

(4.47)

This model for a semi-infinite oil sllck will not predict an increase

in concentration with respect to time for the less volatile compounds in the
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oil pnase due to the fact that an over-all material balance ?s not considered

here as it is in the pseudo-component model. However, the above model will

predict what combinations of parameters are important in invoking the zero alr

phase concentration assumption. Equations 4.43 through 4:47 show that the

oil-phase concentration can be adequately predicted by assuming a zero

air-phase partial pressure for small distances from the oil release point.

However, for large distances from the oil release point, the zero air-phase

partial-pressure assumption

concentrations and the above

is not always adequate to predict the oil-phase

equations must be used.

Figures 4-7 and 4-8 present the calculations of the relative

concentration of a specific compound in a semi-infinite oil slick for the

parameters indicated In the figure legends. Also presented in these figures

is the oil concentration when “a zero partial pressure for this species is

assumed to exist in the air pkase. For the case of a 10 knot wind, the error

introduced in assuming a zero partial pressure is approximately a factor of 10

at a down-wind distance of one kilometer. Tn~s error rapidly increases with

distance and thus shows that the zero-partial-pressure assumption should not

be used, but that equations 4.43 thrugh 4.47 must be used to predict the

oil-phase concentration as a function of downwind distance for the parameters

specified. The case of a 40 knot wind is presented in

that the error at one kilometer is essentially zero

slgni.ficant until 5 kilometers. This result is expected

Figure 4-8 and shows

and does not become

because a strong wind

lowers the partial pressure above the slick. For less than a 10 knot wind the

error in assuming a zero partial pressure wI1l be quite large. These results

are being used to determine when the zero partial-pressure assumption can (or

can not) be involved.
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FIGIJRE +~= PREDICTED OIL-PHASE CONCENTRATION IN A SEMI-INFINITE
OIL SLICK FOR A 10 KNOT WIND.
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.

FIGURE 4-8. PREGICTED OIL-PHASE CONCENTRATION IN A SEMI-INFINITE OIL
SLICK FOR A 40 KNOT WIND.
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4.5 CUMPONENT-SPECIFIC DISSOLUTION FROM A SEMI-INFINITE OIL SLICK

The dissolution of specific components from an oil s-lick into th(

water column 1s described mathematically in much the same way as evaporation
Ho~eVer, dissolution accounts for only a small reduction of the slic~ mas:

compared to evaporation. The pertinent physical property required to describ(

dissolution is the Iiquid-ljquid partition Coefficient which is the andlogy o“
Henry’s Law for evaporation. .

Unfortunately there IS no characterization proc~ss for dlssolutior

that can be applied to the bulk oil in the same manner that di-still  ation i:

used to characterize the 011 with respect to evaporation. There have been tw

attempts to classify the oil into pseudo-components with respect to solubil.

lty, one by YANG and WANG (1977), but was not carried through to the quantita.

cive stdge, and another due to MACKAY (1980) where only two major “cuts” wer(

recognized. Since dissolution apparently accounts for a relatively small reds:

loss from the slick, an independent component-specific approach to dissolution!

is presented here.

The physical property data required are liquld-!iquid  partition coef

flc~ents, r eferred to in the content of this work as m-values. It must b[

emphasized that pure component solubi”iity data a-lone are not useful in obtain.

ing m-va-lues, because these types of data only yie-ld information about th<

chemical potential of the species in the aqueous phase. ~hdt 1s requi ret

along with pure component volubility data is the chemical potential ot th(

species ~n the oil phase. Henry’s Law data coupled with solubilfty  and vapoI

~pessz,-21, ddta will provide m-value through calculation, whi;e Iiquid-liquit

aqui; lbrium experiments measure the m-value directly.

For the case of a species dissolving from an oil sl~ck into the watei

COI umn , consider a water column which is uniform with raspect to a vertica”

turbu!ent diffusiv~ty. Then transport in the water column is described b;
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where C is the water column concentrat~on of the species of Interest, t is

time, Xw is distance (depth) and ~ the turbulent diffusivity. The water

column is clean at t = O so that

Cw (x) = o att=O (4.49)

Since mass cannot transfer across the bottom at X = 1 (this defines the coordi-

nate frame)

(4.50)

At the oil-water interface the mass fluxes from the oil and into the

water must be equal which yields

(4.51)

where A is the interracial area, Co is the oil-phase concentration of the

species of interest, and 6 is the oil-phase thickness. Thus Ad is the volume

of oil and the left-hand term above is a species balance in a well-stirred OT1

phase. Th~s equation is rewritten as

(4.52)
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The component flux from zhe 011 is wr:tzen as

d Cw
-A~w = AKO (Cm . Cw) atx= O,t>o (4.53

where Cm .;s a hypothetical water-phase concentration that is in equllibrlu

with the cil -phase concentration, and K2 Is an over-all mass-transfer coeffi

cient based on water-phase ~concentrati  ens. The a~ove equation is analogous t

a heat transfer equation for th~ flux cf eriergy across a film resistance

Iibwevdr, mass transfer requires tnat some “f~rm of a potential  be used to writ

tne driv~ng force rather than observable concentrations. lt is not correct t

write the driving force Tor mass transfer as the concentration different

between the two phases. The reason for this is appai-ent  when a simpie systel

stich as pure benzene and water is considered. At equilibrium the concentr~
tj~n 0? benzene in the water is 011 the order Of 1700 PPri’1= Thus , the benzeni

concentration difference between the two phases lS not zero, yet mass transfe

does not occur. Therefore, in order t~ write a dr~ving force for mass trdns

Ter t!ie concentration in one of

on a tnermodyfiamic basis. ~nce

fer problem looks like a heat

po:entizI~ for heat transfer.

the prlases must be related to.the otner phas

t h i s  relat:2nsR~p  is df?t’iC2d9  LPIe mass  trdns

transfer problem wrtere the temperature is th

Thus, ~n the preceding expression, Cm is

water-phase concentration (hypothetical) in eqdilibr~um witn the btii~ 011

phase concentration Co. As & result of tn:s problem definition an oil-wate
.

partition coefficient is required. The oil:wdcer  partjticn coefficient i

defined ds follows:

co I
~=”q-~ (4.54

at equilibrium

At this po~nt do not relate Co and Cw above to those same symbol

appearing in the previous equations. F3ecause of the way the pr~vious eqtJa

tlons are written , it is cGnven~ent  tc keep ~ in thelm as ~t appears noww



This rrteans CO must change. The recipe for doing this is embodied in the miss

transfer resistance equation (Cm - Cw) term. Here Cm lS that hypothetical

concentration in water in equilibrium with the concentration in the 011.

Therefore the oil-phase concentration must be changed according to

Co = mCm

And Co must be replaced with mCm in equation (4.52) to yield

d Cm ~W dC

F=c$ a t X = O,t>o

Rewriting equation (4.53) .to cancel the area yields

dCw
5 (cm -ar+~

Cw) = o

w

(4*55)

(4.56)

(4.57)

Finally, the initial concentration ip the oil is Coo which must be

divided by m to yield CmO to yield

c;
c:=—

m
(4.58)

The equation set is contained in equations (4.48); (4.49); (4.50);

(4.56); (4.57) and (4.58). The analytical solutions to this equation set can

be obtained using the technique of Laplace transforms which is described by

Jaeger (Jaeger, 1945). This reference solves the analogous heat transfer

problem from which the solution to the mass transfer problem can be written

~mmediately.
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The analytical sclut~on for the water-phase concentration Is

m %

Cw i 2’ (a; - k’H)cosa,,  (l-x/ l;2xp(-a:T)
—= — -2; d
C~/m l+k ‘ rl=l P cos~

n

and for the oil-phase concentration

c
n-l 1 ~ *klRZ=l=—— LT Wb-h

C:hl l+k ‘ nn=l

where an iS tP1e n-th Positive root of

-% n

tanan = 2 k “P,an -

‘H=!til

(4.5!

(4.6 I

(4.6

(4.6

(4.6

(4.6

(4.6

and

4-52



These equations provide useful information in

parameters of the problem can readily be determined.

the parameter k’ is a ratio of the capacitance of each

(4.66)

that the effect of the

For example, note that

phase for the component

of interest, and that the partition coefficient m multiples the oil phase

thickness ~ to yield an equivalent oil-phase thickness. Also, the time re- .

quired to attain steady state can be determined by examining the n = 1 exponen-

tial term, i.e., when exp(alT) = 0.01 the n>2 terms have essentially decayed

to zero.

In order to make the analytical solutlons for component-speclflc

dissolution usable they have been programmed in FORTRAN to allow easy investi-

gations of the results. The details of this particular code, Input-output

information, and a code listing are presented in Appendix C: Code Description

for Component-Specific Dissolution.
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The types of Compounds  tO which the a bove problem  solution can be

app”; ied are presented in Table 4-7 (MACKAY and SHIU, 1977). These compounds

represent the polyr~uclear  aromatic hydrocarbons which are likely to have the

significant environmental toxic effects. The solutions represented by the

above equations apply only strictly for the case where there is no evapora-

tion. This condition is approximated when there is a crust on the oil or the

sol~tion to the corresponding  evaporation problem applies on~y StriCt~.y  fOP

the case where there is no dissolution, which is approximated when the evapora-

tion rate is much greater than the dissol LkiGn rate. When evaporation and

dissolution are both important, a “three-slab” problem results; however, this

particular condition would be unlikely in a mathematical sense.

[,wFj Measurement of Henry’s Law Coefficient

~h~ need for spec~f-~c thermodynamic information to describe ~nter-

phase ,nass transport was pvesented in “the Giscussicns of component-specific

eviiporation  and dissolution. The vapor-liquid equilibrium data required are

c~i”led l!ernr~~’s  law coefficients (H). The t!enry’s law coefficient p%rtains to

t+at portion of the phase equilibrium diagram where the ratio of phase concefi-

tl-aticris is constant, whicn is the case when the concentration of the s~ecies

of interest in one phase is small (e.g., oxygen in water).

~+enry’s ‘law coefficients appear in the flux expressions and the over-
~i~ mass-transfer coeff-icieints ‘whdch describe interphase mass trarisfe:.  VI?
rp~~,>:~ z/or the appearance of H in the flux expressio~n is that a coflcen’c:atio”

~!ifterence between two phases is not sufficient information to identify in

I,;hich  (l”tfeCt~Ori mass Wiil transfer. If the system ~s not ~t equliibritim,  mas:



Table 4-7. COMPOUNDS OF IMPORTANCE IN AQUATIC ENVIRONMENT (MACKAY
& StiIU, 1977).

Compd

1.s-G4rn4sTy!aap?m!41unu. Cls%a
2.3aneelylnamaha.  Ct+w
2 “~-h, cd%

l-6@tyhapWa14.na.  c#12
?.4,SWmrthyina@thskfxi,  CtS%4
W=f@l w%
A~. Cdk
I%uene, crlH*
F’Mmmbm. Cdllg

Solumhlles  -

.6Zp11
z. . MO/*
Irachon

tngrt x Id
10s.7 ● 1.02

31.7 * 0.26

26.s ● 03
25.4 *02
a.R * 0.5

11.4 * 0.1
3.36 * %.m
3.a * 0.01
20* 0.02
10.7 * 0.3
21 *0.1
7.0 * 0.0s

3.93 * 0.014
1.98 & 0.04
1.26 A 0.07

0.073 * 0.005
0.03$ * 0.004
0287 * 0.002
0.M6 ● 0.000s
0.13s * 0.00s
0.26 * 0.002

U.045 * 0.0072
0.0020 * 0.0U303
0.0020 * 0.00Q17

0.043 * 0.0Q013
0.00057 & o.oc003

0.014 * 0.0002
0.061 + 0.0006

0.0004 & 000002
0.003650.00031
0.0029 & Q.000021

0.000?6 5 O.omol
0.00014 * 0.s

16650
4460

3ss0
322Q
920
1310
377
347
233
1240
21s
81s
~~g
214
130
737
3.s7

24.4
4.6Q

12.0
22.0
3.7s
0.956
0.158

3.39
6.037
1.10
4.26

00263
o.2n
0.192
0.0173
o.ooas6

4-55



will transfer in the direction toward equilibrium. The information required

to determine which way mass will transfer is the chemical potential of the

species in each phase because the chemical potential

transfer. The Henry’s law coefficient provides the

tratlon in one phase to the same chemical potential

By using H, the correct driving force can be written

is the potential for mdss

method to map the con’cen-

basis as the other phase.

for mass transf”er.

The over-all mass-transfer coefficient also utilizes H in a manner

thdt takes Into account the relative volubility of the species of interest in

each phase. There is virtually no way to determine the relative mass transfer

resistances without H (TREYBAL, 1955; LISS, 1974). “

The technique originally described by MCAULIFFE (1966) to measure

henry’s law coefficients using gas chromatography involves multiple equili-

br~tions of equal volumes of aqueous and gaseous phases. A large glass

syrinqe with a Luer-Lok fitting is filled 1:1 with liqu3id and clean nitrogen

or air. The syringe is then capped off and agitated vigorously to create an

equilibrium between phases. Most of the gas is then flowed through a gas

sample loop which is an integral part of the analytical system (a gas chr’oma-

tograpn). At some point in this flow, a valve 1s turned and the gas _in the

loop (typically 0.1 to 10 ml) is introduced into the gas chromatography. The

rest of the gas is discharged trom the syringe and fresh gds is introduced.

The process is repeated a number of times.

The mathematical description of this procedure using equal volumes

was given by McAuliffe and yields:

log Gn =an+b (4.6b)

a = -log (H + 1) (4.67)

b = log HXO (4.68)
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where Gn is the amount of the compound of interest in the gas during the n-th

equilibration, H is Henry’s law coefficient, and X. is the orlglnal amount of

the compound In the system. Equation {4.66) shows that a plot of the log of

compound concentrat~on  (or GC peak height) vs equibration number n gives a

straight line. The negative slope of this line gives the log of (H + 1).

In measurements of Henry’s law coefficients for, petroleum components,

it is not necessarily convenient to use equal voltimes of liquid and gaseous

phases. Some compounds have large distribution “coefficients and some ht3vE?

relatively small values. Also, when the fresh oil/air system is measured, it

has been found to not be desirable to deal with 25 ml of oil in the partition-

ing syringe. Therefore, a re-derivation  of equations (4.66) through (4.67)

for unequal volumes of gas/liquid is presented. Considering a measurement

system with unequal liquid and gas volumes, VL and Vg, respectively, G1 can be

def~ned as the amount of a distributing component in the gas phase during the

i-th equilibration. Similarly, Li is the amount in the llquid phase during

the i-th equilibration. The total amount of the substance is:

xi = Gi + Li

and the Henry’s law coefficient becomes:

~ _ concentration in gas Gi VL

concentration in liquid ‘mgl

r can be defined as:

r ‘L=—
v
9

(4.69)

(4.70)

(4.80)

and as a result the gas phase amount, Gi, can be re-expressed:
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rG i tixi - r$
Gi = Xi -Li=Xj - -H—=——H——

HG i = Hxl - rGl

HX1

GI = —r+H

(H/r)xi
Gi=~ .

Similarly, the liquid phase amount, Li, can be written:

Li=&

(4.81)

(4.82)

(4.83)

(4.84)

(4.85)

The fractional amounts the component in the gas and liquid phases,

‘g and ‘L’ respectively, can be expressed as:

Gi (H/r)xi H/r
f =—=
9 ,x. X i(l + H/r)=~

Li

‘L=~7= xi(lx: H/r) ‘~

(4.86)

(4.87)

For subsequent equilibrations (i.e., i+l, i+2 . . . . i+n), equation

(4.84) can be generalized to:

[
i+l=~. x

H/r
G i--xi 1 (4.88)

or simplifying the above
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(H/r)X7
G

1 + 1= (1 + H/r)*
(4.X9)

going through steps (4.84) through (4.89) again for Xi + ~ In Place of Xl In

(4.84) yields

(H/r)X1 .
G.
‘+2= (l+ H/r)~

Now redefine the i index where i = 1 to yield

(H/r)Xi

‘3 =

(1 + H/r)3

(4. YU)

(4.91)

Note that Xi is the amount initially In the liquid ph~se loaded into

the syringe and that to get to equation (4.91) above it required 3 equilibra-—
tions.

Generalizing for m equilibrations yields

(H/r)xl
Gm =

(H/r + I)m

Gm can be experimentally obtained as component-specific gas chromatoqrdphlc

data, and if equation (4.92) is rearranged to logarithmic form It takes on a

linear form (y = mx + b), and a plot of log Gm vs (m) has a slope equal to

-log(H/r +1). Only one phase of the system needs to be sampled, any ratio of

volumes can be used, many compounds can be measured at one time, and stand~rcls

do not have to be run since only relative amounts are used in the calculations.

Henry’s Law coefficients have been measured in this study us?ng equd-

tion (4.92). A 50 ml glass Hamilton gas-tight syringe with a Luer fittlnq IS
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used along with a sample loop (of varying sizes) Instal led into a  s i x - p o r t

\lalco valve which a?lows the loop gas to be initially purged to the atmosphere

prior to introduction into the carrier gas of the gas chromatography. The

valve is enclosed in an insulated enclosure, heated, and temperature con-

trolled. The gas is delivered to’the valve by l/16-inch tubing. In order to

~void inconsistencies and pressure differences which could effect equilibrium,

the syringe is discharged with a Sage Instruments Syringe infusion pump set at

a very slow rate. A Hewlett-Packard 5731A gas chromatography with a fldme

ionization detector and 3385A Automatic Integration System has been employed.

A 6-ft glass column packed with 1% SP-1OOO on Carbopak B 60/80 IS Curren~lY

being used, and plans for future studies incorporate the use of a 3L1-m glass

capillary column using SE-54 or SE-30 as the liquid phase.

In order to verify the ability

number of measurements have been made on

water. The extent of “known” Henry’s law

of this experimental technique, a

hydrocarbons dissolved in distilled

data is very limited, however a few

literature values (MACKAY, 1975) have been found for comparison. Typically,

the compound of interest is equilibrated with distilled water in a separator

funnel for a number of hours. Then the water can be taken from the funnel

stopcock directly into the syringe. Figure 4-9 presenzs a plot of resultant

data for benzene dnd Table 4-8 presents some of the data obtained so far In

this program which can be compared to previously measured values.

The technique is reproducible, witn a scatter in the data of about 10

to 20 percent. All of the Henry’s Law values are in approximate agreement

with the literature values except for iso-octane. This has not been ex-

plained, but lt 1s suspected that the previously cited value is incorrect.
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FIGURE 4-9. EXPERIMENTAL DATA FOR BENZENE

HENRYS Lf3W BY MULTIPLE EOUILIBRf3TIONS,

\
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%

In order to get H values for compounds that have very low partiti?

pressures In oil , a slightly different approach is belnq taken. Instead of

sampl~ng the gas, the liquld (oil) is sampled after every 5 or 10 equili-

brations. The partitioning theory presented for water 1s applicable, however

the measurement technique is the same except that the llquld sample involves

the 01

direct

4.7@

being dissolved in an appropriate. amount of so

Y-

DIFFUSION COEFFICIENTS FOR VOLATILE COMPONENTS

vent (CS2) and analyzed

THROUGH LIIL

To fully develop a model for oil weathering it IS necessary to have

diffusion ‘coefficients for”a variety of components in oil. Two problems pose

obstacles to straight-forward application of the diffusion equations to de-

scribe the migration of components within an oil mass. First, the 011 is

usually in the form of a continually spreading slick and the continually

altering thickness of the slick is a complicating factor. In addition, as

lighter components are lost from the surface of the slick and skins begin to

form, the impact on transfer of components across that interface is major. It

is important, therefore, to be able to account for changing slick thickness
,

and for slick skin permeability.

This section treats these points, beginning with mult~component

diffusion and corm’ienting on the problems of developing a model that accounts

for sllck thinning. As an outgrowth of this, an approach 1S exp~alned for

treating. laboratory experimental data in a way that can yield diffusion coef-

ficients free from the effect of thinning. Problems associated with modellng

skin formation are discussed, and an approach is presented.

Diffusion through a thinning slick can be thought ot in terms ot

one-dimensional diffusion through a plane slab of thickness b. Assuming an

impenetrable barrier at the plane boundary {y = O). Also, at y = b, it IS

assumed that the ambient medium is sufficiently stirred that all volatiles are

at zero concentration in that plane.
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Y=b

Y=o

If b = b. = constant,

(molar) concentration of any spec”

and if diffusivity

es is given by:

where Co is tne (assumed uniform) concentration at t

,,
is also constant, tne

= o. After some interval

of time, t, the amount of the volatile species remaining in the slab is:

aa

\

b W b
z

1
Cdy “ “+

~[ 1
‘Xp -*

T
o

n=O(2n+l)

and the mass loss up to time t is:

where M = molecular weight and @ ~ b/be.

(4.9

(4.9

If an assumption is made that the volumes of all components are addic-

tive, then the mass loss may be related to slab thickness as followS:

4-64



-.

z r Q

‘L(bo
.5)* ‘!’?. c5!l -loio

.[ / ‘1

(C/Co)i dy/bo

i
o

(4.96)

where PL is the mass density of the slab, and the summation is over all vola -
tlle species.

If one makes a “quasi-steady state” assumption, stipulating that

equation (4.94) is valid even for b vary~ng witii time, then an algebraic equa-

t~on for b(t) is obtained:

or

where

(4.97)

(4.98)

(4.99)

One would expect this quasi-steady state assumption to be reasonably accurate

for short time ($~1).

In principle one could use equation (4.98) to calculate diffusion

Coefficients ~i from observations of +(T). For a multlcomponent system this

4-65



would be

qui red.

tionable,

impractical , since a multi variable fit of data on “$(T) would be re

Since the accuracy of equation (4.98) for large time periods is ques-

and since one would have to go to large time in order to hav(

reasonable precisl~n  in d a t a  for O(T), the use of equation (4.98) fot

determination of~i is not suggested for multicomponent systems.

Having completed this analysis, it was concluded that the propel

alternative approach should be to determine diffusion coefficients by moni

toring the role of release of each species from the slab, at short time inter

vals ($ = 1). This is done by measuring the appearance of each species in al

inert stream that sweeps across the slab. If a sweep stream, initially fre(

of every diffusing species, is provided at a f?owrate q. (volume/time), thel

the concentration of each species ?n that stream may be found, assuming con

stant pressure isothermal conditions in the

slty of the sweep gas, then the rate of flow

The mass rate of flow of diffusants

A is the exposed area of the slab and Ni is

the slab. The mass fraction of species i in

A MiN i

x. =

sweep stream. If PG is the den

of gas into the system 1s P ~ qo=

into the System is ~ AMiNi, wher

the molar flux of species i frol

the exit stream is:

1
(4.100)

It is anticipated that ~AMi Ni << pG q., therefore:

AMiNi

‘i=- (4.101)
Uo

Hence, from a measurement of each Xi> each Ni is found, to then be correlated

to individual component diffusivities  L@.
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To avoid problems with the reduction in slab thickness, an expression

f o r  N, tnat is accurate over small time interval iS derived from the Leveque

solutlon:

(4.102)

Thus, xi(t) should be measured to determine Ni(t), and from the slope of a

‘1/2,9 c a n  b e  f o u n d .plot of N i VS t

Although the previous discussion avoids treating the reduction in

slab thickness as a variable in measuring diffusion coefficients, It is

important to get some idea of the rate of thinning. From equation (4.98) for

a  single d i f f u s i n g  s p e c i e s ,  w e  m u s t  s o l v e  f o r  $:

(4.103)

Aga~n for short time intervals, it is convenient to use the Leveque

solution for N, and find $ from:

(4.104)

Another approach to this problem is to apply the perturbation

solution as described by DUDA and VRENTAS (1969). S i n c e  o n l y  t h e  f i r s t  f e w

t e r m s  are u s e d ,  t h e  a v a i l a b l e  s o l u t i o n  IS r e s t r i c t e d  t o  small values Of M. A

c o m p a r i s o n  o f  s o l u t i o n s  i s :
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- Equation 4.104

: - Equat;ion 4.103
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4 4*

0.1 1.0

Equation (4.104) is expected to be valid orIly for small T. Equatior

(4.103) shows (correctly) that $ approaches a value of l-m at long T. Also

the Duds and Vrentas solut~on in inaccurate over its mid-range, where it pre.

diets that $ falls below $ = 0.5. It does correctly give $ = 0.5 as T exceed:

3. The Duds and Vrentas solution is probably accurate at small T. The vdluf

o f m = 0.5 examined here (m = Nb in

their perturbation solution.

It is interesting to examine

the slab, as a function of time. we

their notation) is a little large fol

the fractional loss of a species fro~

expect that slab thinning will increas

the rate of loss, but ,we do not know the degree of this increase. If th

thickness remained uniform, the fraction of each species remaining would b

found from:

or, for short times:

(4.105)

(4.106)

The following figure shows f calculated using the above equations a

well as f using the Duds and Vrentas solution. As expected, taking account o

slab thinning leads to more rapid loss of diffusible species.
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Even though the Duds and Vrentas solution IS suspect in Its mid-range for such

large values of m, it is still useful to observe the effect of slab th~nnlng

on the half-time for release of a volatile component. For a slab of uniform

thickness, the half-time is found to be T 1/2 = 0.2. For m = 0.25 we find ?1,2

= 0.15, and for m = 0.5, the value is reduced to TI,2 = Cl.

4.8 THE ROLE OF INTERNAL CIRCULATION IN THE WEATHERING OF A THIN OIL SLICK

When a slick of oil floats upon a rough sea, its motion is determined

by the local wind and wave action. These external forces could be strong

enough to produce motion within the slick. Previous analyses of weathering

have focused on mass transfer by diffusion within the slick, and on convect~on

across the slick/water and slick/air interfaces. Our efforts have attempted

to produce a model that allows an estimate of the extent of internal motion,

and the degree to which that motion enhances mass transfer of components to

the environment.

The simplest model is derived from Figure 4-10 which shows an ideal-

ized oil sllck. The slick is taken to be a slab of uniform thickness, H, and

length, L, In t h e  w i n d  d i r e c t i o n  a n d  w e  a s s u m e  L>>H. Further, the width nor-

mal to the wind direction, W, also is assumed to satisfy W>>H. The wind gen-

erates a shear stress T on the upper surface, which produces a veloc?ty, V, in

the wind direction, along the plane of the slick/air interface. We assume

that the sllck is stationary with respect to the water, or equivalently that V
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is measured relative to the mean velocity of the slick with respect to the

water. Thus the physical model is as shown in Figure 4-11.

We are “interested in the velocity profile v(y), and In then examining

the effect of velocity on mass transfer at the slick/air interface. The velo-

city profile, under the approximations, S’atisfles:

V=v at Y =23

v= o a$ y = O

and is found to be:

(4.107)

(4.108)

We have assumed that ~p/w is independent of y, equivalent to the

assumption that the velocity is everywhere parallel to the planes (i.e., at

bothy= Oand y= H). Of course this would not be true near the edges of tne

slick, where the flow reverses and returns across the lower region of the

slick. We envision the flow induced in the slick by the wind to be l~ke the

motion of a tractor tread. The gradient ctp/ax is not known, but may be found

by invoking the assumption that there is no net flow of oil in the x-direction:

H

J Vdy.= i)

o

(4.109)
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FIGURE 4-Io. OIL SLICK ON THE SEA.

sea

FIGURE 4-11. CIRCULATION WITHIN THE SLICK

a i r v

y= H

Y

y= 3

sea surface
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Upon imposing this constraint we find:

and the velocity field is given as:

v =
( )

Vgz.$

(4.110)

(4.111)

Next we examine the effect of this velocity field on mass transfer across th

plane y = H. The basic case for comparison is the pure diffusion contrc

situation, where there is no motion within the slab. From the classical SOIU

tion to the pure diffusion problem we find:

cz-a
o
+++) for &L2

where Q is the diffusion coefficient of some species through the oil,

is ‘the fraction of the diffusible species remaining after time t.

regard the term:

(4.112)

and C/C

We ma

(4.113)

to be a diffusion “time scale”. I

tie can now impose a shear stress exerted by the wind which can se

the slick liquid into circulation. Circulation aids diffusion by bringin

regions of high concentration in the diffusible species into closer contac

with the interface. In a sense this reduces the diffusion distance and shoul

speed up the rate of removal by diffusion. We have investigated the magnitud

of this enhanced removal, and how it might be correlated with slick and win

parameters.
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A model can be formed along the physical bounds shown In Figure 4-12.

Near tne region y = H, we assume a classic Leveque-type diffusion problem.

The circulating flow is mixed in the lower part of the slick dnd becomes the

feed for the Leveque flow. Schematically, we separate the upper and lower

regions into a diffusion region and a mixing region, connected by tne circu-

lating flow q. The magnitude of the circulating flow can be obtained from:

H

q / w  =
I

Vdy = 41W H2T
7-= ~ (4.114)

$H

‘where W is the unit width in the z-direction. Along the slick/air interface

the velocity is related to the shear stress T by:

&g I‘“+a~E’4~+’

An average velocity of circulation as may be defined as:

The Leveque solution gives:

(4.115)

(4.116)

(4.117)

where C
1 and C2 are defined as in Figure 4-12, ~ s ~~and V = HT/9u; more

simply:

‘ 2 J%Luti3

( )
—  = L-21.7—
c 1 rH3

For a simple stirred tank of vo

(4.118)

ume V, a m a t e r i a l  b a l a n c e  c a n  b e  s t a t e d  a s :

d C- (4.119)
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and the solution for C is expressed:2F
bz

( )
—=exp -t/t (4.120)
C2 ~ c

Thus we find, using Equations (4.114) and (4.119), that dn appropriate time

scale for circulation-enhanced 10ss

tc

( )

=0.8 d1~3
S2 T

Of particular interest is

of enhanced removal associated with

j3_
t
c

a

is:

(4.121)

the ratio tD/tc, which provides a measure

circulation. We find:

(4.122)

If we go back to Equation {4.115), we may write E as:

( )

1/3 1/3
~=$d

( )
= 0.79 ~ ~

(4.123)

Lil

Even though we do not know V (it is related to the unknown T) equation (4c~23) is

a useful form because it has the appearance of a Peclet number:

and:

E = 0. 79{%/J&) 1/3

where the aspect ratio A = L/H a p p e a r s .

(4.124)

(4.12!5)

While this model has several assumptions and uncertainties, lt pro-

v i d e s  t h e  o p p o r t u n i t y  t o  a s s e s s  the role o f  c e r t a i n  p h y s i c a l  e v e n t s  t h a t  o c c u r

d u r i n g  t h e  w e a t h e r i n g  p r o c e s s :
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Slick Spreading

As H decreases and L increases, we see that E decreases. Thus, a:
spreading occurs, diffusion control dominates any effects of internal
circulation.

Viscosity increase through loss of volatiles

Since a rough approximation for diffusion coefficients of volatile:
in a viscous liquid su~dests that 9 ‘l/u, we expect that the Peclet
number will remain con~~ant at fixed H* Thus tie agir
per se does not change the balance between diffusion
~dominant mode of volatiles loss.

In order to assess the importance of internal circu”

context of this model, we must estimate the magnitude of E.

g of the slick
and convection

ation, in the

This requires

data from which the shear stress at the sea surface may be estimated. How-

ever, typical values of V, H, and D (e.g., V = 10 cm/s, H = 2 Cm, ~= ~o-’
cm2/s) and aspect ratio (L/H = 200) give an estimate for E of about 102, repre-

senting d significant enhancement in the rate of loss of volatiles. Thi:

circulation model assumes that the slick may spread across the sea surface

but that its motion is Iaminar. Another type of internal circulation IS possi-

ble, driven by wave action which is shown in Figure 4-13.

A localized area within a large slick may alternately be thinned anc

thickened as the surface of the sea undergoes wave motion. We might regarc

this as a complete mixing process at that local level, and a model whic~

accounts for this phenomenon might be taken along the following llnes:

@ diffusion occurs from a uniform slab;

‘3 the slab is instantaneously mixed periodically;

e diffusion occurs during intervals between mixing
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This is a relatively simple model to” assess. Define tM as the time interval

between mixes (We expect that tM is related to the temporal periodicity of the

waves). If the slick has a mean concentration, Co, of some species at time t

= O, then after an interval, tM, the slick will be mixed and its mean concen-

tration will be:

(4.126)

= CJl - r) (4.127)

The slick will then continue to lose volatiles by diffusion, as before, except

that the initial mean concentration is now Cl. In general, we would find,

after n “mixes”: .

(4.128)

and the solution of this difference equation, assuming F is constant, is:

c = CO(l - F)nn (4.129)

We may compare this solution to that for quiescent diffusion in the

absence of mixing:

and if we plot C/C. vs t/H2 (Figure 4-14) we see that:

t=atM
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As expected, periodic mixing enhances the rate of loss of vol atiles, th[

extent of enhancement depending upon the parameter F. From the half-times 01

these curves we may define a measure of the extent of enhancement by mixing

‘M’ as:

Figure 4-lsshows Em plotted as a function of F.

be estimated from:

(4.132)

Reasonable values of F car

(4.133)

Me expect that H is of order 1 cm, with a range of perhaps 0.5 to 2 cm. Th c

magnitude ofQJ will depend strongly upon which volatile species is considered

and might range from 10 -8 to ~o-6,cm2/s. The wave interval, tM, might take or
-4values in the range 1 to 10 sec. F, then, would be in the range 10 ~ F ~

10-2. If these estimates are reasonable, then it appears that this periodic

mixing mechanism exerts a tremendous degree of enhancement of loss of vola-

tiles orI the slick in comparison to the pure, static diffusion model.
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4.9 DISPERSION OF OIL DROPS INTO WATER

Oil enters the water column not only on the molecular level as dis-

solved species, but also as discrete drops. The oil drops enter the water

column as a result of turbulence at the surface. This turbulence which is due

to wind and waves creates small oil drops which do not return to the parent

slick. These drops are then swept away by the local currents and eddy diffu-

sivity. Examination of the knowledge of the dispersing of oil into the water

column (MACKAY, et al., 1980) indicates that this process puts more 011 into

the water column than dissolution. The calculation of water-column oil-drop

concentration versus time and depth can be based on the results of the

dispersion model in the current open-ocean oil-weathering computer code. The.
results from the oil-weathering code are in the form of a flux versus time.

In order to use these results the water-column concentration calculation must

be written in terms of a flux boundary condition.

Consider the concentration of oil drops in the water co?umn to be

described in the vertical direction by

At the bottom of the ocean

$ = 0 atx=O

since mass cannot transport across this boundary. Al SO

c(x) = o a t t = O

(4.134

(4.135

(4.136
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which describes a clean water column at time zero. The first equation above
implles that the oil drops are neutrally buoyant.

The flux of oil drops into the water at x = R is assumed to be repre-

sented by a- sum of decaying exponential. For one of these exponential “

k$ =ae-bt atx=k (4.137)

where a and b are determined from a fit of the available dispersion rate data.

This then requires that a solution be generated for each (a)b) set and the

results added to obtain the sum.

The solution to the equation set described above is

C(x,t) = + “

2 2 2a

2a
~ ~b

(-1)” cos (n~ X/I)e ‘kn ~ fdh
T -kn211z/L2)

n= 1

(4.138)

.

Typical units for the various constants above are a ~ gm/cm2sec,  b s

l/see, ~ ~ &n, and k ~ cm2/sec. The total mass put into the water column is

rm = a e -bt dt

o
(4.139)



or

M=: (4.140

which agrees w~th the concentration predicted from C(x, t) when t + CO, i.e.
C(x, t +CO) = a/bfl.

The equation which describes C(X,t) above has been programmed ir

FORTRAN so that numerical investigations can be easily performed. The cod(

listing and user instructions are in Appendix D: Code Listing for

Dispersed-Oil Concentration profile with a Time-Varying  FIux. in order tc

illustrate

dispersion

model and

plotted in

the use of this code three examples are presented here. Th(

rate data were obtained directly from the open-ocean oil-weathering

are listed in Table 4-9 for three wind speeds. These data arf

Figures 4-16(a) through 4-16(c). The coordinates are loglo of th[

rate versus time, and these plots show that a two-line fit will represent th(

data. The entire range of 200 hours for each wind speed can be represented as

~ dc -blt -b2t

m= ale +ae2 atx=g (4.141:

The values of al, bl, etc., for each wind speed are listed in Tabl[

4-10.
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Time
(Hours)

5

10

20

50

100

150

200

Table 4-9

Dispersion Rate Data Obtained from
Open-Ocean Oil-Feathering Model

Dispersion Rate (gm./m2/hr)
(and wind speed)

10 knots

5.0

3.7

2.4

0.87

0.52

0.41

0.33

20 knots

9.5

4.5

2.8

1.5

1.1

---

0.5

40 knots

12

10

7.5

3.5

1.4

0.73

0.45

.

d-R5
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Figure 4-16B.

~ISPERSION RATE VERSUS TIME
FROM OPEN–OCEAN OIL–WEATHERING MODEL

WIND SPEED = 20 KNOTS
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Figure 4-16C.
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Wind Speed

(knots)

Table 4-10

Equation Constants for Two-Line
for Dispersion Rate Oata

al bl a 2

gm/cm2sec l/see

Fit

bz

10

20

40

1.89 X 1?)-7 1.4 x 10-5 2.03 X 10-8 1.02 x 10-6

6.4 X 10-8 2.03 X 10-6 5.1 x 10-7 3.19 x 10-5

1.12 x 10-7 3,05 x 10-6 4.04 x 10-7 9,3 x 10-6

-b It -b *t
flux = ale +ae

2

An example of detailed results are presented in Table 4-11 for

20-knot wind speed. The input data are always printed in the output file

along with the total dispersion rate from the (a,b) data sets entered. In

this example there are two (a,b) data sets, i.e., the two straight lines in

Figure 4-16B for a 20-knot wind speed. The output that follows the time =

infinity water-column concentration value throucjh the line statin9 “end of

calculation for A(2), B(2)” is intermediate output. The final concentration

profiles are listed in the box on page three of Table 4-11. Since columns and

rows of numbers are sometimes tedious to examine, the results for the example

case and the two other wind speeds in Table 4-10 have been plotted in Figures

4-17A through 4-17F. In each figure the pertinent parameters are listed to

provide a complete record of the calculated results. For these examples a

vertical diffusivity of 185 cm2/sec was used (PELTO, 1983). For each of the

three wind speeds the 50-ineter depth cases

tration prof?les  up through 24 hours. In

exhibit very flat concentration profiles

input rate at the ocean surface is the rate

aiways exhibit very curved concen-

contrast the 10-meter depth cases

indicating that the dispersed-oil

controlling step.
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Table 4-11. Detailed Results for the Calculation of Dispersed-Oil Concentration
Profiles in the Water Column.

CO1’ICEiWFfATloR  O F  DISPF.RSED  O I L  I N  TNF, WATINi  COLUMII, CALCUI.ATED  iiY E X P O N E N T I A L  F.ITS  TO A GIVEN  D I S P E R S I O N  HATr

V E R T I C A L  DIFFUSIVITY  = I .85tm+02 ctwciwwc,  nEml  = 50. H E T E D S ,  MAXIFNJM TIFIE  = 24.  souns

K* PIE*  PIF/L/l.  = 7.3.a4n-if5  Imw

Mumm OF ‘rmrs I R T H E  SEB I Es = IOo.  Rurnnsn  OF EXPO N EN TIAL FITS = 2

TNE EXi’ONE~lAL  FIT COEFFICIENTS FON TNK  DISPERS1ON RATK  (MTE=A*klXP(-B~lflE))  AllEt
UNITS AIIE A= =Cfi/CFf*CH/SFX  , N== I/SEC. \

A l ( J ) B1 (J)
6. 400n-oo

:
2.0:100-06

5. I 000-07 3.190u-oti

TllE  DISPERSION RATE FROM TIIR ABOVE A,n DATA SET FOR  A WIHD  SPEED OF 20. KNOTS 1S:

TIME RATE
IiOUR cwrwwm

2. 4ooi)+oo 1 .620r)+L)l
4.rfoon+Oe 1 . mon+o  t
7.2001)+00 1 .0220+01
9.6oon+oo fl.244n+@o
I .2001 )+$(1 6.73/)1)+00
1 .440D+01 5. 5s70+00
t , 611@n+Lf  I 4.7051)+00
1 .9200+01 4.0271}+00
2 .  1600+01 :{.5041)+00
2. 4eoi)+0t n. 1000+00

TRE TIflE = INFINITY WATER-COLUMN CONCENTRATION OF DiSPERSED  OIL = 6. 3@5D-06  GH/CC

A  CiiECK  O F  TIIE  lNITIAL

DltPrH
KETFJI

o. ooon+oo
5.0000+00
I . 0001)+01
1 .5000+01
2.00(JI)+OI
2. 5001} +01
:1.0001)+ol
:i . 5oon+tl  1
4. 0000+0  I
4.5001)+01
5.0001)+01

CONI)lTiO?tS

m.
COS TiXU’1

5.71m)-06
5. IMEIO-446
6.W121)–06
6.  ttp4n-06
6.211 {)1)-06
6. 37 S1)-06
6 . 4 6 9 [ ) - 0 6
6 . S 2 2 0 - 0 6
6. 5f17i)-06
6 . 5 9 4 1 ) - 0 6
fi.t,O:!l)-06

nl sPFXfSFX)-01  L comwrfmtiri  ONS ,

i)iwrn
n!:wll

O.if
:>.0

14).013.0
20.0
2r) .0
:10.  (t
310
40. u
..0

2. 401)+66

4.01!1)-07
:1. :lf)lt-07
2.211)  0 7
I :1111)  07
0 .  1:11)-0[1
4.5:11)-011
2. :lol)-wi
I .11111 011
5. 541)-()()
., -1 , ‘, ... ()

4 .001)!00

6.W21)-07
5. 2111)-07
3. 90[) -07
2.941)  07
2.111)  0 7
1 .4n11  07
1 . 0 1 1 ) - 0 7
6.[)31 )-00
4 .721)  -of)
., c..,  ,, ‘,,,

FOR TSE J = I

SUM
Sim I M

-5. 8091)-07
-4. ~241}_07
-2.7:141)-07
- 1 . 4 1 1 0 - 0 7
-2.5611}-OU

7 .2641 )-0[1
1 .5:141)-07
2 . 1 6 4 1 1 - 0 7
2.61 61)-07
2.im7n-07
~ ‘,7, J,, _(37

A,B iNPDT  S~

COW  AT T=O

3. 4BOD-09
-1.04m-it
-1. 5700- I I
- I . 660n- 1 t
-1 .7021 )-1 i
-1.71ilo-11
-i.726n-il
-1.7:)11)-11
- I .7:131  )-I 1
-i .7:um-i  I
-1.7:150- I 1

cwcc , i N ‘nII.:  WATER COiJJfiN  Fon  V A n  IOUS  TIME!!  A N D  DEPTSS  FOi.LOW

II o u N s
7. 201)+08 9, 60[)+00 ~ ~oj),(f, 1 441)+01 I .681) +01 I .9~n+ol 2.16D+OI

0. 261)-07
6.7211-07
3. :191)  -07
4.2511-07
3.:)11) 0 7
2 541)  1)7
1 .4)41)–07
1  7 0 1 ) - 0 7
I 191) 1)7
, ,,,  1, {,7

9. 461)-07
7. 9:!1)  -07
6, 7,)11-$)7
5. 421 ) - -07
4 . 4 2 1 ) - 0 7
:1.3911-07
2 . 9 : 1 1 1  0 7
2 . 4 2 1 ) - 0 7
2 . 4 4 7 1 ) - 0 7
,  ‘,,. 1).  {,7

1 05})–06
9.021)  4)7
7 . 6 7 1 ) - 0 7
6. 501)-07
!i .4110 -07
4 .  6:!1)  -fl?
:1 941)-4)7
:1. 401)  -07
:1. 021)-07
.> $U,  ILU7

I .l!il)-(f6
I .Ool}-ot)
II f)91).  0 7
7.  521)-0?
6. not)  -07
5.6+1)07
4 . 9 4 1 1 - 0 7
4 .  4{)1)  07
4.011)-07
at 71111 <,7

I .24n-f96
1. 101)-  06
9. 671)-o?
[1.51  !)-07
7. 5#1)-w7
6. 641)-07
3.941) 07
5 . 4 0 [ ) - 0 7
5 . 0 1 1 ) - 0 7
A 771)–(17

1 .:l:ll)-tftl
1. 191)-06
I .061)--06
9 .471) - (47
II,  471)-07
7. f)211-07
f, 9:ii) -o?
6.:191)-+(7
6. 001)-07
K 7711-6*7

1 .421) -06
1. 2111)-06
I  I  JII-06
I .N41)-06
9 . 4 2 1 ) - 0 7
[1. G91)-07
7. 901)- 417
7  :171)  07
6. 9/11)-07
‘. 7r.  ,,.. L47

2.40D+OI

1.fill)-06
1 .:+71)  -06
I . 2 4 1 ) - 0 6
I . 1:11) -06
I .041) -06
9. 5:11)-07
11. uol)-+f7
11.:1:11)-07
7.9s1)-07
7  7:11}.  6)7

I
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Profiles in the Mater Column. (Continued)
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DEPTH
tlouHs

2.+44D+3  4.tM)Lt+eO  7.24iO+00 9,6440+044 I .20D+4)I
MbT17Xl

I  .+40+0$
. . . . . .“.

0.0 3.4eD-le  3.3411-10 3.2m-141  n.2314-141  3.171)  -14.I  n.tll)-le
6.0 2 . 6 6 0 - 1 0  2 .  O 3 O - 1 0  2. A170-10  2.t470-10  2.1)30-144  2.010-tt4

144.9 1 . 9 7 0 - 1 0  2. OnO-14)  2 . 4 7 0 - 1 0  2. IK!14-144 2 . 5 2 0 - 1 4 $  2.501)-10
10.0 I .:mo-le I.tt?l)-lt)  2 . 4 4 0  U - 1 1 3  2 . 1 6 1 4 - 1 0  2.190-18  2 . 1 9 0 - 1 4 )
w.e 9.44+0-  I i I . 4UI)- I t) 1.744u-je J .1420-144
20.9

1 . 0 7 0 - 1 0 I .OlkD-14t
5.0?0-1 t I  .ew)-ie I .:i6U-l@ I .+<)*)-,@

w.e
I .540- 144 1 . 5 6 0 - 1 4 4

n.210-tl 7 .wlo-l  I 1 .4440-le
m.e

1 . 1 7 0 - 1 4 4 i.23u-te i.imo-to
I .720-41 5.3:10-1 i 7.ill14-11 8 . 6 2 0 - 1  I 9.1:11)-11 9.X11)-II

+e.e 8.44D-12  3 . 2 1 1 0 - 1 1 4 . 0 6 0 - 1 1 U . boo-i  I 6.t4614-il 6 . 2 1 0 - 1 1
.4a.e U.:1614-12 1 .6 flo-l  1 2.  300-t  I 2.ir211-11 a .4!21)-  I 1 n. loo-11
50.4r e.wo+90  e.etm+w e.44440tee 0.4444D+044  o.0014+eo  0.444414+W

CRARS  OIL
IN WATFfl 6.481)-@4 1.tt90-4Kl  1 . 6 2 0 - 0 3  2.14D-4xI  2.6(JD-WI  3.161)-WA

Pm 431*ctr

AVtXIACE
Gn/cc 1.19D-97  2.17D-9?  3.2~0-97 4.2714-97 5.29D-07  6.301)-97

● * * * * * * * * * * * * * S * * * * * * * * * * * * * * * * * END  OF CAIAXJLATIOII  h’OH A(l),  B ( l )

THE TIHE ● INFINITY  WATEl\-COLUHIl CONCENTRATION OF D18PEAU3ED OIL ● 3(

A  CJIIXK Or Tlllt IRITIAL C O N D I T I O N S  F4t0  TIIU J ■ 3

Om’rll Em. sun
HKIWi COS TEOH 131tll  I f~

o.eew+ee -3.67414-OfI - 6 . 0 4 4 0 - 0 6
0.044440+4444 - 2 . 2 2 7 0 - 0 6 -14. 42+ D-e6
I .00440 +01 -6  .lt3fI0-t47 -3 .U411 0-06
I . IM31)I)+441 U . lMIIiD-447 - 2 . 3 0 9 0 - 0 6
2.4m6t044)l 2.42:10-06 -7.745u-t17
2.a444iu*441 3.Olt:10-4i6 6.nrt60-4t7
:1.000otei 5.1 I ml-w 1.924to-e6
n.nm)o+ol 6. 16:11)-66 2.9611U-e6
4.ewoo+oi 6.94:11} -06 3.74S11-86
4.mw)+ei 7.42110-446 4.2271)-446
e.wmtei 7.50110-06 4.:19011-06

A,IJ lnrwr lmr

COUC AT ‘F=t3

2.779D-4M3
-U.a260-l  I

- 1 . 2 1 1 1  D-141
- 1 . 3 2 9 0 - 1 4 4
-t .3660-(0
-1 .:169D-14)
-1.37314-144
-1 .3791 )-14!
-i .3111 D-16
-1 .31420 -14t
-1  .:IIKIU-14)

DISI’FJWF.D-OIL  COHU-ATIONH,  Gtvcc, I N

Orwnr
UH’F.H

4).44
m.e

14t,o
15.44
24).4)
23.0
:144,0
:13.0
444.44
4s.tJ
W.44

2. 4eD+ee

:1.2t10-446
2.3:10-446
I .0tIl1446
9.920-07
5.941)-H?
3.:150-4)7
I .71111- 447
u . 1)711-on
4.2114-011
2. tt711-lMJ
1.460-00

4.n4m+e4i

3.910-06
3.141)-06
2.4f411-00
I .l!l,l )-06
I .:171)  -00
9.wJl)-07
6.061 )-(!7
4.7:11)-4)7
:1.:111)-07
2.301)  0 7
2.241)-44?

7. 2440+00

4.4460-06
3.460-06
2.090-otl
2. :171)-06
t .910-06
I .5111-06
I . t9i)-06
v.41tb-07
7.(,011-07
6. *,01} -O?
6.2314-1)7

TUl! WAIEll  l:OLUtOl  FOR  VAR1OUS

uouns
9.6440tee I .2w)+ei I .44f)+01

4.4i2D-@6 :1.910-06 3 . 7 9 1 ) - 4 4 6
:1.tW)ll-446 :1.n(lu.-{icl 3.IJ2U-06
3.1011-06 3.24tlH46  :1.2+ 0-4J6
2.671 b-otl 2 . 1 1 3 0 - 6 6 :.960-06
~ ,~71)-4)6 2 . :)20-06 2.70tl-06
I .921) -06 2. Z: III-($6 2.461)-06
I .621)-06 1.9711-446 2.2KI)-4441
I .:lttl)-ob 1 .771)-4ib 2.01!1)-06
1 .2111-ob I .021)-06 I .96D-06
I I Ill-oh I .O:ltl-ofl I .Otllt-W6
I .4$1111 -4)6 1 .54ilhtt6 1.I16U-06

1.680+01

3.4460-ie
2.77D-10
2.470-te
2.i70-ie
I .u7D-le
I .m60-144
I ,2IID-10
9 . 3 5 1 ) - I I
6 . 2 4 0 - 1 1
3 . 1 2 1 ) - 1 1
O.twotwt

I .920+91

3.elo-tO
2.731)-IO
2.440-ie
2.140-18
t.D40-l@
I .0+0-10
1.24r4-le
9.291)-11
6.200-1 I
3.1440-11
4J.04)o+44e

3.64D-t43  +.13D-03

7.Z9D-447  U.20D-07

,197D-Q6 GWCG

2.16D+4)I

2.950-19
2.6oo-ie
2.44t0-10
2.111)-10
1.020-10
1.lEm-144
t.22D-l Lr
9.100-11
6.130-11
n.o?[)-l 1
@ . 4)00+4443

4. 6eo-e3

9.2to-e7

Tlt!tUl AND IM3’T’HH FOLLOW

1.680+61

3.67n-446
3.460-06
0.2fiD-t)6
:1. O:llt-446
2.1401:-446
2.4)41)-WI
2 . 4 7 1 ) - 6 6
2.:141)-06
2 , 2 4 0 - 4 ) 6
2.ttH)-446
2.161)-446

I .920+4)1

3.570-06
fl.4111-4i6
:{.~~~,.~o
3.4MII)-446
2.920-446
2,771k4t6
2.640-06
2. fJ4U-4*6
2.401)-416
2.-t ll)-4t6
2.391)-06

2. 160+*1

3.490-4i6
3.:171)-06
3.240- M{)
3. 111)-06
2. 991)  -416
2.t171)-1)6
2771)-06
2.691) 06
2. 6:11}  -06
2. fi91t-06
‘2 r41tl)-06

2 .40 D+@ I

.3.94tlt-le
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Table 4-11, pg 3 Detailed Results for the Calculation of Dispersed-Oil Concentration
Profiles in the Water Column. (Continued)
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Figure 4-17B.

DISPERSED OIL PROFILES—.
EXPONENTIAL FIT T() CALCULATED DISPERSION RATE

FROM THE OPEN –OCEAN OIL–WEATIiERING MODEL
WIND = 10 KTS, VERT K = 1.85 E-t02 CM*CM/S
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Figure 4-17D.

DISPERSED OIL PROFILES. .——  —-. — —
EXPONENTIAL, FIT TO CALCULATED DISPERSION RATE

FROM TIIE OPEN–OCEAN OIL–WEATIIERING MODEL,
o WIND = 20 KTS, VIIRT K = 1.85E+02 CM*CM/S
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Figure 4-17F.

I) ISPERSW3 OIL PROFILES— .- ——.. —.. -
EXPONENTIAI, F1’1’ T(1 (: AI.,C[JLATED DISPERSION R A T E

11’ROM ‘rl IE OPEN -- OCII:AN OIL–WEATHERING MODEL
C3 WIND -- ‘lo KTS,  Vtjll’r K = 1.85 E-i02 CM*CM/S
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The actual concentrations predicted ~n these examples must be regard-

ed as upper-bound values because horizontal diffusion and currents in reality

will decrease these predicted concentrations. However, in comparison to pre-

dicted dissolved concentrations from the previous section, it is clear that

dispersed-oil concentrations are greater than dissolved-oil concentrations,

and that the dispersed-oil profiles have a much faster_ response time, i.’e.,

line out fast. The reason for the rapid dispersed-oil concentration-profile

response is due to direct coupling to a source in contrast to a mass-transfer

resistance for the d~ssolved-oil concentration profile response.

The previous derivation presented here considered a time-varying

dispersion flux is modeled as the sum of decaying exponential. Another

derivation of potential use is to consider the dispersion flux to be constant.

Therefore, the problem and resulting solution considered here are for a con-

stant flux of oil at the ocean surface and a zero concentration gradient at

the ocean floor. The solutions to the problems defined by the other boundary

conditions can be derived following the technique used here. Consider the

dispersed oil to be transported in the water column according to

With an initially clean water column

C(x,o) = o

--%-=*
atx=O

(4.142)

(4.143)

(4.144)

At the ocean bottom

4-99



and at the ocean surface a constant flux of oil exists as

.l( .+ . .W atx=g (4.145)

The coordinate frame is defined by the above problem definition wher[

the ocean surface is at x = 1 and the ocean floor at x = O. A positive flu:

is defined as mass transferring in the +x direction; thus dc/dx is multiplied

by -1. The vertical eddy diffusivity is k, and the source flux is W.

The solution to the above set of equations ’can be obtained by usin<

the technique known as the Laplace Transform (Carslaw and Jaeger, 1967). Tht

La~lace Transform of the concentration is

(4.146)

Applying the above to the partial differential equation yields the ordinar~

differential equation

2-
$ - q2z =0 (4.147)

where

The solution for c is

t = cleqx + C2e-qx

(4.148)

(4.149)
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where Cl and C2 are two constants. The Laplace Transform of the boundary

condition at x = O yields dc/dx = O which yields Cl = C2. The Laplace

Transform of the boundary condition at x

Using this result yields

t=
Qcosh qx
qp sinh qr

The inverse of the above equation yields

as equation (8), section 12.5 of Carslaw

= t yields dc/dx = Q/P where Q = w/ko

(4.150)

c(x,t); and this equation is the same

and Jaeger. Thus, the final result is

1

where ierfc(g) is the first repeated integral of the error function. The

function ierfc(~) can be calculated from

(4.152)

and ierfc(g) is the complementary error function.

The computer code and user instruction for equation (4.lsl)is presented in

Appendjx E: Code Listing for Dispersed-Oil Concentration Profiles with a

Constant Flux, and calculates c(x,t) for given input parameters of the eddy

diffusivity, constant oil flux, ocean depth, maximum time, number of terms in

the ierfc(g) series, and number of terms in the erfc(g) series. A sample

calculati& result is presented in Table 4-12.
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4.10 INTERACTIONS OF PRUDHOE BAY CRUDE OIL WITH SUSPENDED PARTICULATE
MATERIAL

4.10.1 Introduction

The interaction of oil in the water column with suspended particulate

matter can occur by way of two different mechanisms. The first mechdnlsm 1s

on a molecular scale with dissolved oil species sorbing from the water phase

onto the suspended solids. The second mechan~sm is on a macroscopic scale

with dispersed drops of oil colliding with the suspended sol~ds. The result-

ing loaded particulate are ultimately deposjted  on the sea floor. The objec-

tive of predicting the interaction of oil with suspended partlculates  IS to

assess the biological implications of the oil that finally resides on the

sediments.

The interaction of oil with suspended particulate involves d number

of mass transport processes which are illustrated in Figure 4-18. All these

transport processes are dependent on the source terms for 011 and sediment.

The 011 source term can be dissolution of molecular species or dispersion of

drops of oil from the parent sllck. The dispersion process can be wlnd-

induced turbulence or spontaneous emUISiflCatlOn. These three 011 source

terms are labeled 1-3 in Figure 4-18. The sediment source term (ln the

figure) occurs as the result of turbulertce  at the ocean floor and is labeled

as path 6. (Other sediment source terms are discussed In tne tollowlng

section.) The interaction of oil and suspended particles In the water column

occurs by sorption of molecularly dissolved species, labeled as 8, spontane-

ously dispersed drops colliding with suspended particles, labeled as 11, and
finally as turbulence dispersed drops also colliding with particles, labeled

dS 7. The sediment returns to the sea floor, path 9, with sorbed oil. or

assoclaced with oil drops, or with no oil. 011 can also transport to the sed

floor as unassociated drops, path 4, or as dissolved species, path 5. Unce

011 is on the sea floor, it can be further mixed into the deposited sediments

by turnover mechanisms, which are labeled path 10.
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FjQ~re 4-18. Transport and Interaction Path Diagram for Oil and Suspended
Particulate Matter
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The mdthemdtica]  description of the interaction of 011 in the water

column with suspended particulate matter requires both thermodynamic and

klnet~c information. The kinetic information must descr~be  the strength of

the oil source terms (rates), the transport (movement) of oil and sediment In

the water column due to the local turbulent diffusivity, and the suspenslon-

deposition rates of sediment on the sea floor. The thermodynamic information

must describe the phase equilibrium of the molecular species for the water-

solid sorption. The sorption phenomena can conceptually be described the same

way that vapor-liquid distributions are described by Henry’s Law. Usually,

for the case of dissolved hydrocarbons in the water column, the sorption rdtio

which relates the dissolved species concentration to the sorbed concentration

is a constant for very low concentrations. Also to be considered is the oil-

water equilibrium of dissolving species, and this equllibr~um has been de-

scribed extensively in the open literature as a partition coefficient, or M

value.

In the sections that follow, discussions on suspended particle load-

ing, dissolved oil interactions, spontaneous emulsification, dispersed

oil/particulate interactions and the applied mathematics appllcdble  to

specific oil-particle interactions in postulated environmental conditions are

presented. It must be emphasized that the current state of knowledge with

respect to a complete description is not possible because of the complex

nature of the processes involved, both in a physical chemistry and kinetic

sense. Very little is known about the oil-particle kinetics which may be the

most important because they presumably account for transporting most of the

oil to the sea floor.
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U.10.2 Suspended Particle Loading

Suspended particulate matter (SPM) can originate from many sources

and is brought to natural waters by a number of mechanisms. Natural sources

of SPM include terrestrial surface weathering and river run off, hydrothermal

activities, biosynthesis, and volcanic emanation. Man-made sources ~re sewage

discharge, dredging, continental drilling, and ~grlcultural excavation. SF’MS

vary greatly In their composition, from inorganic oxides to carbonates, to

clays, to organic detritus, to mixtures of all

tions range from a few hundred milligrams per

few tens of milligrams per liter in rivers and

hundredths of a mill lgram per liter in the open

of the above. SPM concentra-

liter in sewage etfluent,  to d

estuaries, to a few tenths and

ocean (fiuang, 1976).

Because SPM materials display the diversity shown above and because

the nature of SPM is critical in its oil sorption properties, quite a bit of

detailed information is required to make predictions of the fate of oil in the

presence of SPM. Primarily, the size distribution, surface area, concentra-

tion, and chemical composition (including Total Organic Carbon Loading) of 5PM

‘ dre pertinent to understanding the physical and chemical interactions between

petroleum

tion and

available

and SPM. For modeling purposes, information about the size distribu-

concentration constitute a source term, or a total amount of 5PM

to interact with and possibly sink the oil. The surface area and

chemical  composit ion of  the 5PM, along with the

but~on will determine the actual kinetics and

interactions.

concentration and size distrl-

thermodynamics of the oil/SPM

In a study of SPM distribution and transport in the Bering sea, Baker

( 1983) found that near shore particle concentrations were uniform vertical 1 y,

dnd that they dropped off rapidly with increasing distance from shore.

F~rther from shore the water column was characterized by a three layer struc-

ture. The surface layer displayed a high turbidity resulting from in situ

phytoplankton  growth and offshore advection and diffusion of shore and river

derived particles. The broad middle layer had horizontally dnd vertically
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uniform particle concentrations. The bottom layer had increased turbidity

resulting from resuspension of bottom sediments. Seasonal particle concentra-

tions varied less than 25%, although winter storms did temporarily homogenize

the three layer system described above. Particle size distributions measured

followed a power law curve:

N = -kD-c (4.152)

where N = number of particles larger than a given size

D = particle diameter

k,c are constants

The derivative with respect to size of this cumulative distribution is:

dN/dD = aO-b (4.153)

where a = ck

b = c+l

In the above expressions, _a represents the d)i/dB value at II = 1 micron and b

represents the slope of the distribution when plotted on full logarithmic

paper. The slope is a measure of the number of large particles relative to

the number of small particles. When b>3, small particles dominate the dis-

tribution. When b<3, large particles dominate. Typical values for b and a in

the Berinq sea were 4.1 and 3,9 X 105 away from shore and 3.4 and 3.1 X 105

near shore, respectively.

Further investigations are required in order to determine if the

above 5PM parameters vary widely from location to location. If they do not,

then an “average” SPM loading and size distribution for each environment (near-

shore and open sea) can be used in an oil/SPM model. If they do, then much

more site specific information will be required for input. Also, more must be
known about the effects of high winds (storms) on the three layer system de-

scribed above. If such winds resuspend large amounts of sediment and/or re-
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redistribute SPM between layers, they may play an important role in determir

ing the amount of SPM available for sorption of o?l.

Ultimately, the final input to an SPM model must include a total S[

concentration and size distribution (possibly dependent on sea state), frc

which a number density (particles per liter) can be calculated. Also, Sorl

lntormatlon  about the chemical makeup of the sediment should be known, espe

cially the total organic carbon content (discussed below). These data, a?on

with information concerning location (i.e., distance from shore, ‘etc.)~ ma

then be used to pred~ct the SPM’S interactions with both dissolved an

dispersed 011.

:.
,,.
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4.10.3 SpM Con~entration, Size Distribution and Flocculation

The purpose of constructing and oil/SPM model is to provide both a

conceptual and a quantitative’ framework within which to predict the fate.of

dissolved and dispersed oil in a sediment laden water column. The range in

possible SPM source terms is illustrated with the following examples.

Predictive models of oil/SPM interaction must include (inherently, if

not explicitly) the SPM concentration and size distribution.’ Therefore it IS

necessary to develop the capability to predict the likely SPM concentrdtlon

and size distribution under various sediment and environmental conditions.

This information will also aid in properly selecting sediment samples with

which to perform oil/SPM experiments in the laboratory. These experiments

will, in turn, provide the bulk parameterizations necessary for a practical

model .

Cohesive Sediments

Sediments can be lumped into two broad classes - cohesive and non-

cohesive. Cohesive sediments are formed of clay minerals with median particle

diameter less than 40um to 100um and a significant fraction less than 2um.

The processes of movement of cohesive sediment are considerably different and

more complicated than the processes of movement of non-cohesive sediment. The

erosion velocity increases with increasing grain size from 20C)!Jm UpWdrd. For

diameters smaller than 200um and especially below about 5Uum, the cohesiveness

and duration of consolidation are important (Postma, 1967).

Owen (1977) identifies four physical parameters that need to be evalu-

ated for a particular cohesive sediment:

1. t h e  c r i t i c a l  s h e a r  s t r e s s ,  ~e, above which erosion occurs;

2. a rate-of-erosion constant, M;

3. the limiting shear stress, Td, below which deposition occurs;

4. the settling velocity, Vs.

4-109



Tne relationships among these parameters are (OWEN, 1977):

ErosIon

Deposit’

where

(%e)= m+)
on: (gd ) = Cvs (1 ->)

d

(4.154:

(4.155

dm/dt is the rate of mass tr@nsfer and C is the near bottom sediment—
concentration.

The crltlcal shear stress and the erosion rate constant are functions

ot tne cohesive strength ot the sediment. The cohesive strength 1s a functlof

ot the type of clay mineral , the particle size, the quantity and type 01

cdtions present in solution, and the water content and organic content of th[

sediment (Drake, 1976; Owen, 1977). Because of the complexity of cohesion

Drake (1976) states that “there Is currently no rellable means of predictin~

~coheslve~ sediment entrainment as a function of boundary shear stress”. Thl

lndlcates that presently each

characterized by l~boriitory or

geographical area of concern may need to b[

in-situ measurements.

Once in suspension the fine clay particles tend to form floes. Th[

floes settle out but will not be depos~ted  unless the bottom shear stress i

less than the initial bonding strength of the settllng floes (Owen, 1Y77)

lnerefore, ‘d depends upon the bottom sediment characteristics and the dls

persion of the settled floes depends critically upon the bottom boundar,

conditions.

Finally, the settllng velocity spectrum of the floes WI1l be a func

tlon of the sediment concentration and the turbulent characteristics of tn

water column. The turbulent shear causes interpart?cle collisions and con

versely llmlts the maximum size of tne floes. Furthermore, as floes form

they enrrdp water (and/or oil) thereby reducing their effective density (Tamb

and Matanabe, 1979). Therefore, laboratory measurements of clay settlln

veloclty in quiesent water are of quest~onable value in relation to th

natural environment.
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It 1s conceivable that floes will have higher settling  veloc~tles ds

a result of adsorbing oil. Chase (1979) examined the Settllng behdvior of

natural aquatic particulate and concluded that for particles leSS thdn !Ooum

. diameter, Stoke’s settling law underestimated the aggregated settling rates by

up to an order of magnitude. He suggested that VISCOUS drag reduction by

surfdce coating on the floes

After careful examination of

which predict aggregate sett’

was responsible for the enhanced settllng rdtes.

Chase’s data, Hawley (1982) developed equations

ing rates as a funtion of aggregate size up to

40um. Furthermore, Hawley concluded that except in regions of nigh shear

aggregation depends primarily upon collisions due to differential settling

because each size class has a spectrum of settling velocities.

It is not presently feasible to incorporate all of these processes

into a compre~ensive  model ; however, Hunt (lY82a, 1982b) developed an

empirical expression which can be used to quantitavely  predict removal of

pdrticles in the region of particle sizes where the shear mechanism dominates.

This is generally in the 1 to 10@ range - the same size range dS 011

micelles. Following Hunt, the rate of change of total suspended-particle

volume, v(t), 1s

dV(t)/dt  = -bV2(t)
or

v(t)/vo = 11 + Vobt

(4.156)

(4.157)

where b nas units ppm -1s-1 for V(t) in ppm by volume and V. 1S the lntial
1

volume concentration. The time at which V 1s 1/2 V.

more, Vobt is nearly proportional to

The following empirical expression is
VoGt where G is

based on Hunt’s

b= 1.9 x 10 ‘5 G1/2 (collisions ppm-ls-l)

is t =( Vob)-’. Further-

the turbulent shear rdte.

kaolinlte ddtd

(4.158)

for G in s-i. The turbulent Shedr rate G is calculated from

G=(s/u)l/2
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where E is the energy dissipation rate and v the kinematic viscosity. The

dlsslp~tion rate measured by Grant et al (1968) in the ocean ranged from 2.5 x
~0-2cm2s-3 - 4 2-3 at90mat 15 m to 4.8 x 10 cm s . The corresponding range of G

-1is 0.2 s ‘1 to 1.6 S .

The initial clay particle volume concentration has a wide range of

values. At 20 mg/1 concentration and a typical specific gravity of 2.5, the

volume concentration is 8 ppm. For oil concentrations of 0.2 mg/!L and

specific gravity of 0.8, the volume concentration is 0.25 ppm. S~nce the

concentration of the clay is much greater than the oil, the rate of removal of

the oil w1ll be governed by the rate of removal of the clay due to the floccu-

lation and settling. This assumes that the oil mlcelle and clay particle

stick when they collide. Thus , for G=l s -1 and neglecting dispersion, the

volume concentration ot the clay size class and oil micelles  are reduced by

50% in

1=— = 1.8 hours‘1/2 Vob

For oil only, tl,2 = 48 hours.

Less time is required to reduce the volume concentration of clay/oil

suspension because the large number of clay particles increases the probabil-

ity of coll~s~on and settling. Assuming that the oil micelles  collide only

w~th  clay particles, the predicted oil/SPM particle volume concentration is

0.125 ppm after approximately 2 hours.

It should be noted that t 1/2 is not the time required for complete

removdl f“rom the water column because the floes and oil/SPM particles must

still settle to the bottom. The time required to settle out will, ot course,

depend on the depth, dertslty  and floe size.
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Non-Cohesi’~e  Sediment

The suspensi~n  of non-cohesive sediment - sand size and la!”qer - is

somewhat simpler than suspension of cohesive sediment. The shear stress re-

quired to initiate movement of sand is mainly a function sand size and

specific gravity. Deposition occurs when the shear stress falls below that

required for movement.

Smith dRd i’dcLean  “(1977b) derived the followlng expression for cofl-

centration  of sediment size class n, Cn, and the total sediment concentration,

Cs , for a steady state, horizontally uniform, multi-component flow:

z
c n Cno

/

dZ
— )~ = ~. ‘X p  ‘-wn Kn

o

(4. i5(-J)

where subscript ‘o’ indicates value at a reference level Z=zo, ‘Jn is the

settling velocity of component n, Kn=kU*f(z) is the vertical eddy diffuslvlty

of component n, k = 0.4 and

r
Sb/P where Sb is the bottom

to transport of bed material

within the sediment at which

U* is the friction velocity. U* is defined as

shear stress and P is the fluid density. Prior

in a fully rough turbulent flow, Z. is the depth

the mean current is zero. It 1s reldted tO the

bed roughness by Zo=k/30 where k is a measure of the bed roughness obtained

from the bottom sediment grain sizes (Komar, 1976). Once the tranport of bed

material has begun, Z. increases and is taken to be the top

layer (Smith and McClean, 1977a).

Smith and McLean (1977b) proposed that the sediment

the reference level Z. is obtained by the empirical expression

6

of the bed load

concentration at
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bi~ert?  t n ~s the fraction of the bed sample in size class n; Cb is tne concen
-3tt-~~lon Of sediment In the bed (= I-porosity); Y. = 2.4 x 10 ~ constant lbd~e~

on Columbla ff~ver data; and

+, = ~ - 1
‘n

(4.1,62

where T n ?s the shear’ stress required to lfltiate mOVemeflt of cfJmprJfierIt II

~m~ch (1$7/) identifies tnis reference level concentration as the weakest Iln

jn tne computations .

Tne sediment concentration profile is determined simultdneous]y wlt

the current profile using a numerlca? iterative techn~que. Adams ~n

bdeatnerly (1981) afld Caccnione  and l)r~ke (1982) have used this approacn t

investigate r.he effects of the suspended sediment strat~fication on oottof

boundary layers in the Florida current arid shallow Norton Sound, respectively

Smith ?nd McLean (1977b) solved for the concentration profiles for a secilmen

charficter~zeo by 10 size classes between 125Prn and 595~m with a median Siz
-1ot 29711m dnd ~ friction velocity U* = 4.52 cm s . This value IS compdra~!

1to tfle n]eafi value of UX = 4 cm s’- measured by Cacchlone  and Drake (1!!82) d

18 m depth In Norton Sound in storm-generated currents.

Relatlrrg  the protiles calculated by Smith and McLefin to the SO211O

writer cJndltl(Jns ?n Norton SoutId, the predicted surface concentrat~orl is C
(;i)xlo ‘o Wfiere c b 1s the bed concentrdtlon. For Cb = (.).55, C = 0.iS5xli)-G c Om
!?c~e(j p,r~~2rilY ot 125wn particles. For a spedific gravity of 2.65, C = 1.

-3(II(I:i an~! tfie ni]mber concentration is 0.65 particles cin . l-ills compares to.,

riumber :oficentrdtion of 3800 micelles  cm ‘3 for 0.25 ppm oil composed of 5L

mcelles.



governed by turbu

(1982a) expression

ent shear.
-1

For a turbulent shear of G=1O s , Hunt’s

gives 6 x 10 -5 collisions ppm-1s-1 and 18 hours for the

process of Oil-coalescing-with-oil to reduce the volume concentration of 01?

by 50%. In this process, oil micelles collide, coalesce and rise to the sur-

face. The time for removal will increase if coalescence is hindered by sur-

face tension of the oil micelle. For SPM scavenging oil micelles the

theoretical collision rate for differential settling is expressed as

~=~(dn+ do) I I
2 

Un - U. NnNo

where subscript ‘n’ indicates sediment and ‘o’ indictes” oil.
-1do= 5Pm, Un = lcm s , U. = 3 x 10 -4 -1cm s , Nn = 0.65 cm-3,

the collision rate and t -3 -1
1/2 are B = 0.33 collisions cm s

hours. Since !3 does not include corrections for inefficient

(4.163)

For dn = 125~m,

No = -33800 cm ,

and ‘1/2 = 1“6
collisions tl,q

Al  L

is a minimum value. If the collisions are only 1% efficient the t1,2 increaes

to 160 hrs.

Suspension and concentration/size distribution profiles of cohesive

sediments cannot be reliably predicted at this time. However, once the cort-

centration  is known (empirically or otherwise), empirical expressions have

been developed which can quantitatively predict volume removal rate of the

clay or clay and oil suspension. On the other hand, the suspension and

concentration/size distribution profiles of non-cohesive sediment can be

predicted if bottom boundary concentrations can be specified. However, the

predictions remain to be verified along with the collis?on  rates predicted by

the theoretical expression for differential settling. In both cases, 5PM can

potentially accelerate the removal of oil from the water column but experi-

mental veritlcation  of the rates is required.
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4. 10,4

Johannes

SPONTANEOUS EMULSIFICATION (DISPERSION)

Spontaneous emulsification is a phenomenon first observed in 1878 by

Gad (Gad, 1878}. Gad found that a solution of lauric acid in oil,

when placed on top of aqueous alkali , would spontaneously form emulsions

(i ● ., without mechanical agitation). In industry, suitable surfactants are

usually added to mixtures to aid in emulsification, very often with slight

shaking or mixing. However, there are many examples in the literature where

two immiscible phases are brought together gently and still form emulslorts.

Some systems that have been investigated are: solutions of ethyl alcohol in

to?uene in contact with water (Gurwitsch, 1!213 and Raschevsky, 1928), solu-

tions of oleic acid in oil on alkaline solutions (V. Stackelburg, et al.,

1949), benzene, toluene, or xylene placed on strong solutions of dodecylamine

hydrochloride (Kaminski and Mcbain, 1949), and solutions of long chain salts

in contact with solutions of cetyl alcohol or cholesterol in oil (Davies,

1972). Many such 3-component, 2-phase systems have been studied in order to

determine the mechanisms that produce spontaneous emulsification. These small

systems are relatively straightforward to examine, and some progress has been

made in identifying the mechanisms involved {Groves, 1978). However, with

large com~lex systems such as petroleum/water, very little if any work has

been done to determine whether spontaneous emulsification occurs and to what

extent.

During the measurement of M values (oil/water partition coefficients)

for oil-weathering physical properties, oil was added gently to a separator
funnel of water. Small “micelles” or oil droplets were observed in the aque-

ous phase. This observation indicates that some sort of spontaneous or self

emulsification takes place at the petroleum/water interface. These droplets

were examined under a microscope and estimated to be one to ten microns in

diameter. Further work must be performed to determine the importance, mecha.

nism, and extent of spontaneous emulsification in aqueous systems.
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The three mechanisms tnat have been found to be Important  in spon -

taneous emulsification all involve rapid diffusion of a solute across a bound-

ary between two immiscible solvents. This rapid diffusion of a solute either

changes the properties of the boundary (i.e., interracial tension, Pre~sure)

local solute concentration), causing droplets of one solvent to bredk dway

into the other, or simply carry solvent molecules with It, which accumulate

into droplets (Davies, 1957). It would be reasonable to expect, therefore,

that ~il droplets. created by one of these mechanisms could be enriched in the

component(s) that are rapidly diffusing.

In order to develop a model to describe suspended part~culate/ol.l

interactions in which spontaneous emulsification is occurring, the foliowlng

information must be obtained:

1) mass in water of spontaneously emulsified 011.

2) droplet density of spontaneously emulsified oil.

3) size distribution of spontaneously emulsified 011.

4) chemical composition of spontaneously emulsified 011.

In order to determine the above, experiments muSt

oil is very gently spread onto a surface of water,

Care must be taken throughout the experiments to

the oii/water system so that mechanically caused

be performed in which crude

and allowed to equilibrate.

avo~d stirring or agitating

dispersion does not occur.

The water must then be filtered (0.45 urn) in order to separate dissolved and

particulate oil and then analyzed by gas chromatography to determine the con-

centration and composition of the droplets. Unfiltered water samples must

also be examined under a microscope in order to measure the number density and

size distribution of the droplets. These analyses must be performed on 011 at

varying stages of weathering in order to determine how long spontaneous emu~sl-

fication is active and to attempt to correlate bulk oil properties (i

density, surface tension, viscosity) to the rate of spontaneous emulslf”

tion. If such correlations can be determ~ned, they can be incorporated

the lumped-parameter oi?-weathering model.

2 *Y

Cd-

nto
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4.10.5 Oil “Particle’’/SPM

From a mechanistic

dispersed oil or oil “part’

InteractIons

or kinetic point of view, the interaction betwee

cles” with suspended particulate matter, SPM, ha

not been extensively studied. Poirler and Theil in 1941 measured the volum

of oil that could be adsorbed and sedimented by one gram of ten differen

sediments in static water columns. They found that the volume sedimented wa

rouqhly proportional to the inverse of the grain size of the sediment. Gear

lng and Gearing in 1982 studied the fate of petroleum hydrocarbons uncle

sll-luliaced storm conditions in marine microcosms. They fOLlnd ttlat increasin

the SPiY load to 160 milligrams per llter from the normal level of three t

five milligrams per llter did not change the overall fate of No. 2 fuel 01

added to the microcosms in an oil/water dispersion. Mackay, et al, (1982

used varying dmounts of chemical dispersants  in sea water to measure the ris

and tall of oil in association with sedimenting  matter. The results wer

subjected to d simple correlation procedure to determine the magnitude an

effect ~t the following variables: dlspersant  type, sediment type, particl

size and concentration, dispersant  dose and oil type. Wade and Quinn (1979

studied the effect of chronic low level input of No. 2 fuel oil into marln

microcosms. They discovered that the majority of the hydrocarbon associate

with small size sediment particles (3 to 455 micron) dnd that substantial

accumulation in the bottom sediments did not occur until approximately 13

days from the first addition of oil.

A time-dependent kinetic model to describe these observed phenomen

(dispersed oil/SPM interactions), however, has never been fully developed

Since it is becoming apparent that this process is the first stage ot the mos

prolific oil sedimentation mechanism, it is important that such a model b

developed. The parameters and/or conditions that might influence the rate o

“reaction” between dispersed oil and SPM are numerous. The concentration o

dispersed oil ancl SPM, size distribution of the droplets and SPM, cornpositio

of the 011 and SPM, ~nd the density of the 011 and SPM will all have som

effect on the rate of association.
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The st~rtlng point for developing a model for these systems WII1 be a

simple second order rate equation:

d[C:/dt = k: A:[B: (4.164)

where [C: =

[A] =

[B: =

The number densities

concentration of associated oil/SPFl “particles” In pdrtl-
cles per volume (number density)

concentration of 011 “particles” in particles per volume
(number density)

concentration of SPM in particles per vol ume (number
density)

for ~A~ and [B: can either be measured (by microscope) or

calculated if the total dispersed oil concentration and droplet size distribu-

tion are known. However determination of [Cl is more difficult since it is

hard to distinguish between “oiled” particles and “unoiled” particles Optic-

ally, and separation of “oiled” particles from droplets and “unoiled” particle

by physical means (i.e., filtration) is difficult. Before the experiments

described below can be accompl

centrations independently must

In order to determine

ished, methods for determining these tttree con-

be developed.

the rate constant, k, its dependence on parti-

cle size, oil dnd SPM composition, and

regard to particle size, for example, it

will not “redct” with SPM as readily as

tension. Oil and SPN composition might

other factors, must be found. With

may be that very small 011 droplets

larger ones due to their high surface

also halve effectS or? the rate. Many

authors have noted a difference in sedimentat ion abi l i t ies of m i n e r a l s

(Mackay, et al ., 1982; Poirler and Theil , 1941; Meyers and Quinn, 1973).

Also, total SPM organic carbon content has been found to influence dissolved

tlydrocarbon/SPM sorption (Karickhoff,  et al., 1978) and may also affect drop-

let association. Other factors such as release point (surface/subsurface) and

electrical properties should also be considered. In order to determine wnlch
variables are important in determining the rate constant, k, a controlled
system w~ll be required in wnich conditions (concentrdtlons, distrlbutlons,
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sediment types, etc. ) cart be varied and the resultant SPM/oil interdctiofls

Stu(lled. After such exper~ments, the resultant rate equation can be Soived

and incorporated into a lumped-parameter oil-weather~ng  model. The parameters

found lmportdnt  can be measured on true-boiling-point cuts of crude 011 and

used as input to the model, which will then predict the time depindent

concentrations of oil droplets, SPM, and oil/SPM droplets in the water column.

To illustrate how the rate “constant” k is a function of .S~M, 011 ~n~

environmental parameters, consider the general form:

k =  NjVjEij 4HR;
~j

(4.165)

where i indicates mlcelle size class, j indicates SPM size class, Nj=number

concentration of size class j; Vii= velocity of class j relative to micelle

size 1; R,j=radlus of class j; and-Eij is the “collection efficiency” of i bj

j. ‘ij will depend upon hydrodynamic, gravitational , inertial , surface anc

electrical forces. N,j will be a function of clepth z.

The following case is an example of how hydrodynamic forces aftect

the collect~on  eff~c~ency between sand SPM and oil micelles. A “s,phericdl”

sdnd SW would be 100’% efficient if it collected all micelles within its

cross-sectional area.
-  “.-  .-  -.  -  -...  . . . . -  -“  .-  ---  -;’.. . ,, ,..

N ,.. ..— . .._ . . ..J  ,- . ,u ---- _ -. . .-ii .<
> ,.:.

Q,
100% efficient.’..,. . ,,

\
~.,- - - .. . s. -“ . . - - - - - . - . . _ - > ,..

\
rnicelles

However, due to flulcl f’! Ow around the SPM, some/oil micelles w?ll be

detlectecl around the SPM and wi”ll not impact it.

--_If+——.–---f K,

~

flow streamline separating
(s . . ..::----. . . impact and non-impact regions..“”: . ./. :

‘
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Oil m.icel?es within the distance ~ will impact; m~celles outside the distance

6 will not impact. The length 6 is the “stopping dlStanCe” of the mjcel le.

The stopping distance is the distance required for the micelle to be brought

to rest by viscosity when it has a velocity u relative to the fluld. Mlcelles

outside 6 will stop before they impact the SPM and then be carried with the

fluid around theSPM. Due to inertia, micelles  within 6 will not have rook. to

stop and they will impact .the SPM. The distance 6 is
.

2pa2
6—‘911”

where P = oil micelle density

a = micelle radius

n = kinematic viscosity of water

u = relative velocity of micel?e and fluid

The ratio of 6 to R, is the radius of the SPM.

~/R=2Pa2i. Stokes Number (Stk)
9n R

(4.166) ~

(4.167)

Actual measurements show that to a good approximation (Twomey, 1977)

Collection Efficiency = Stk if Stk <1

= 1 if Stk Z1

in the case of potential flow around the collecting SPM particle.

These results indicate that large, sand size, SPM may not be very

effective in scavenging small micell es. For example, the efficiency of 500 IJM

SPM collecting 10 urn mlcelles  is only 0.4% (essentially zero percent) but

increases to 10% for 50 urn micelles. This implies that the smallest mlcelles

may have to coalesce into larger micelles  before they can be effectively

scavenged by sand size 5PM.
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4.10.6 Dissolved oil/SPM Interactions

The, sorption of organic compounds onto SPhl has been studied exten

sively. The partitioning of polynuc?ear

1980, phthalic acid esters (Sullivan, et

(Steen, et al ., 1978; Pavlou and Dexter,

1973), and hydrophobic pollutants in

aromatic hydrocarbons (Means, et al.

al., 1982), polychlorinated  biphenyl

1979), fatty acids (Meyers and Quinn

general (Karickhoff, et al ., 197S

between water and 5PM phases have all been measured.

For most systems the water/sediment partition coefficient (Kp) is

constant over a broad range of water-phase concentrations, thus:

K = x/c
P (4.168)

where X = equilibrium concentration of compound sorbed onto sediment
relative to dry weight of sediment (ppb)

C = equi 1 ibri urn concentration of compound in water phase (ppb)

Once
$

is known (measured) for one or a few concentrations, predic

tions can be’made concerning adsorption at other concentrations. Suc

predictions have been very successful with most simple systems (Pavlou ar

Dexter, 1979; Karickhoff, et al., 1979). However, complex systems, such z

petroleum/water are not as straightforward. It is impossible to measure i

for every component of oil. In addition, experiments are difficult to conduc

on oil because dispersion of droplets will, in general, also be present

These droplets will interfere with the equilibrium, and it will be difficul

to distitiguish  between oil due to dispersion and oil due to dissolution i

subsequent sample handling and preparation for analyses.

For these

for a lumped model

avoided. One such

should be attempted

reasons it is desirable to find a method for measuring 1

in which direct partitioning between water and sediment i

method has been developed (Karickhoff, et al., 1979) ar

using the oil/water system. Basically the method involv(
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relating Kp to the organic carbon content of the sed>ment, the size distribu-

tion of the sediment, and”the octanol/water  partition coefficient.

Karickhoff  (Karickhoff, et al., 1979) found that individual sediment

particle sizes adsorbed in ‘amounts proportional to their organic carbon

content, thus:

I(P = Koc.(oc) (4.169)

where Koc = organic carbon partition coefficient

Oc = organic carbon content

Further, if the sediment size distribution and organic carbon content of each

fraction are known, then Kp can be expressed as a sum over all of the particle

sizes:

Kp = ~ Koci.(f)i.  (oc)i

i

where (f)i = fraction of each particle size of

Finally, in order to relate Kp to an easily measured

meter, Koc was correlated with Kow, the octano?/water

(4.170)

the total sediment mass

and/or tabulated para-

partition coefficient.

A least squares fit using data fran a series of polycyclic aromatics and

chlorinated hydrocarbons in equilibrium with a coarse silt sediment gave:

KOc = 0.63 Kow (r2= 0.96) (4.171)

Means, et al. ( 1980) used the same method to study adsorption of polycycl ic

aromatics on a variety of soils and sediments and Ctbtainecj the same result

except with a constant of 0.48 rather than 0.63. Using this result, Kp for
coarse silt can then be expressed as:

Kp(coarse silt fraction) = 0.63” Kow(sil t)” f(silt)”(oc(sil  t)) (4.172)
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and the total K would be a sum of such terms over all of the perticle sizes:
P

Kp = ~ Ci*Kowi”fi”(oc)i (4.173)

i

where Ci = the ratio of Koc to Kow for the i-th fraction

Karickhoff suggested a number of ways to simplify the above sum. F(

most sediments, the organic carbon content of the sand fraction (>50 micror

is much smaller than it is in the smaller particles. Thus Koc for the sar

fraction is estimated to be some fraction of the Koc for the finer materi<

(usua?ly 20%). Also, the Koc’ s for the various fine fractions (<50 micron:

do not vary significantly in most sediments. Therefore, these fractions ne(

not be distinguished, they can be considered as one fraction. With the:

simplifications the sum for K reduces to:
P

K = C. f”(0.2) ”Kow*(oc(sand)) + C“(l-f) ”Kow”(oc(fines)) (4.174)
P

where f = fraction of sand particles (usually small or SPM)
c = average Ci (approximately 0.5)

In order to utilize this formulation in an oil-weathering model

octanol/water partition coefficients would be measured on each cut of the tr~

boiling point distillation of crude oil. These values can then be used alor

with organic carbon contents of the SPM of interest to calculate Kp for ea[

cut. Kp would then be utilized to predict adsorption of dissolved oil ont

SPM in the water column.



4.10.7 Modeling Description
Particulate Matter

of the Interaction of 011 with’ Suspended

Transport of oil through the water column occurs by turbulent d~ftu-

“ sion of dissolved molecules or by turbulent diffusion of oil droplets. Dis-

solved molecules enter the water column from the oil slick by virtue of the

(slight) solubil ity of the hydrocarbons. Oil droplets on the order of microns

in didmeter enter the water column by virtue of wind-driven action or by spon-

taneous emulsification. When suspended particulate matter is present in the

water, each of these forms of oil will interact with the particulate. The

interaction can be of a thermodynamic nature, or particle-droplet collision.

The material balance derivations that follow consider each Of these

two interactions separately in order to gain insight about these processes.

These derivations illustrate what transport processes are occurring and the

physical properties, both thermodynamic and kinetic, required to generate

predictions about the concentration of “oil” in the water column. The deriva-

tions are one-dimensional and do not consider a convection term. However,

extending the concepts to a general situation is straightforward. These one-

dimensional derivations are the type that can be used in control ledexperi-

ments conducted to deduce the parameters of interest. However, note that

thermodynamic quantities can be measured in static experiments and need not be

deduced from dynamic situations.

In order to derive a time-dependent material balance for dissolved

species interacting and transporting with suspended particulate matter, con-

sider a water column with a uniform loading of suspended particulate matter.

(Additional boundary conditions imposed by water column density gradients and

bottom effects are considered in the following section). Oil at the water

surface is “dissolving” into the water. A material balance for the dissolving

species which have the potential for adsorbing onto the suspended particulate

is derived from:

IN - OUT = ACCUMULATION (4.175)
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In order to derive the material balance a one-dimensional system is consid

ered.

pended

by the

T h e  m a t e r i a l  b a l a n c e  m u s t  c o n s i d e r  t h e  a d s o r p t i o n  c a p a c i t y  o f  t h e  s u s

solids and the fact that the suspended solids are mobile as determine

eddy diffusivity.

The capacitance of the suspended solids for adsorbing dissolve

species is (usually) expressed as a Heriry’s-Law  type relationship as

z = KPC

where Z is the concentration on the solid phase (suspended

units of (usually) gm per gm of solid, and C is the aqueous

tion in gin/ml. The units Kp are then ml/gm.

coefficient, adsorption coefficient or partition
field of science and engineering being studied.

KP is termed

(4.176)

particulate) i

phase concentra

the distribution

coefficient, depending on th

The accumulation term is written for a differential volume element as

ACCUMULATION = AAx[. + $%1$+1 ~
(4.177)

where A is the area of the volume element with the mass flux normal to thi

area, N is the width of the element, c is the volume fraction of water, an

ps is the mass of sorbing solid per unit volume. ThereforecK/6T  represent

the accumulation in the water in the volume element due to a change in concen

tration, andKnp~ represents the accumulation on the solid phase in the volum

element due to the sorptive capacity.

The “in” flux term is written as

(4.178)
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Here two gradients are considered. The first gradient term is that ”g~adient

in the aqueous phase and represents the turbulent transport of the dissolved

species by eddy diffusion. The

the turbuleflt transport of the

suspended particulate. It must

transport sorbed mass by virtue

second term with the * superscript” represents

species (of interest) that is sorbed on the

be recognized that the suspended particulate

of turbulence. Thus, the suspended particles

are diffusing (moving) and the particles become identified by the concentra-

tion of species sorbed onto them. The OUT term is the same as the IN term

except it is evaluated at X+AX. Writing the complete differential material,’

balance yields

-A@e g

(4.179)

Since e is usually very close to unity, s can be set to 1. Note that

C* and C are related according to C* = KPP$C and that ~e = ~e*. This last

equality states that the turbulent diffusivity for dissolved components and

particulate are the same. Putting in these (simplyfing)  expressions yields

(4.180)
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Simplyfing  and taki’ng the limit as AX + O yields

(4.181)

Thus, it appears that the capacitance of the mobile sorbing suspen(

particulate matter does not affect the rate of transport of the species

interest. However, the capacitance term does appear in the boundary condit”

at the

at the

phase.

source because the boundary flux must equate to both gradients, i.(

oi?-water interface

flux = - dC~e (I + Kp@~ (4.182)

The “flux” above is determined in part by the parameters of the [

Since solving two-slab problems are sometimes tedious, the flux can
-bt

specified as a sum of decaying exponents of the form ae . By obtaining

solution, C, for each (a,b) set and then summing over all sets, virtually i

source boundary condition can be approximated.

From this material balance derivation it is apparent that the S[

pended particulate matter will suppress the dissolved concentration beca(

mass is required to satisfy the sorption (thermodynamic) expression. l-lowevf

a concentration profile in the water column will move with the same speed

if suspended particulate matter were not present.

The transport of dispersed oil droplets occurs by turbulent diffus

and these oil droplets interact with suspended particulate by collisions. “

result of a collision can be a rebounding of the same two

alescing”of the two particles into one. The objective of

for dispersed oil is then to predict as a function of time

centration of dispersed oil that exists as droplets only,

ated with particulate. In order to derive a material ba”

particles or a (

a material balal

and depth the C(

and as oil asso

ante for disper
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oil, a specification with respect to ‘the state of the suspended particulate

must be made. For the case being considered here, a uniform concentrationof

suspended particulate is assumed.

A material

to transport through

balance for the dispersed oil droplets which are assumed

the water column according to the eddy diffusivity  is

(4.183)

,$

where Co is the concentration of oil droplets per unit volume, Cs is the con-

centration of suspended particulate per unit volume, and k is a reaction rate

constant for the collision and sticking of an oil droplet and a suspended

particulate. Likewise, for the suspended particulate matter

and for an oil-particle species

(4.184)

(4:185)

where Cl is the concentration of oil-particulate due to a single sticking

collision.
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Each of the reaction terms above should actually be a summation OV(

all ~ossible collisions of the specific species and all other species. tiov

ever, experimental evidence apparently indicates a rate considering only [

~nd Co might be sufficient (Mackay and Hossain, 1982).

In the case where Cs is in large excess, the reaction rate expressic

will be of the form ksCs. However, in the Bering and Beaufort Seas the SU$

pended particulate loadings can be quite small (Baker, 1983); thus, the tw(

component problem with both Co and Cs will have to be considered.

l-he boundary conditions for the dispersed oil droplets depends on t~

These oil droplets may enter the water colun011 slick and local parameters.

due to wind-driven turbulence and/or spontaneous emulsification. The boundar

conditions for the suspended particulate will depend on the resuspension

deposition phenomena that occurs at the ocean floor and

The material balance equations presented here

both oil and sediment, to be neutrally buoyant or that

other SPM source term:

consider the particle:

they move according t

the local eddy dlffusivlty. Thus, there is no gravity term. Future analys~

of this assumption are required to determine what particle sizes WIII be tran:

ported by the local turbulence so that the particles appear neutrally buoyant.
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4.10.8 Boundary Conditions for Modeling Dispersed Oil/SP~ Interactions

Boundary Conditions are required for solutlons to the mass balance

equations. When an oil “particle” rises to the surface, it may” stick or De

reentrained based on sea state conditions. At the bottom, the oil may stick

and adsorb onto the’ sedimen’t  or may be reentrained.

The bou~dary conditions at the surface and at the bottom are similar.

That is,
p>

-A 3C
—+ (1-A)WC = O

z az
(4.186)

where A is the probability that the micelle will “stick” at the SUrfaCe Or

bottom and remain there. if all micelles stick and stay then A = 1; if none

do, then A = O. The value of A will be different for the surface and bottom

and will depend on environmental conditions and boundary characteristics.

At

between the

-A,,

t h e  thermocline, there is a change in the turbulent parameters

upper and lower layer. /

.,. x

1 ~ Temperature profile

c1 = C2 THERM(ICLINE

////////////////1//////
At the thermocline:

acl + Hlcl = -A2 ~ + ‘2C2-Al T
c1 = C*

(4.187)

(4.188)
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These boundary conditions alone do not indicate a build up of parti-

cles at the thermocline. In fact, the continuity of flux across the thermo-

cline ensures that there will be no accumulation. However, there may be a

maximum in the

tions.

To il”

concentration

ustrate, cons

profile at the thermocline under certain condi-

der the steady state case of vertical gradients

only for oil/SPM particles that sink. Furthermore, let the particle sinking

velocity be constant but the vertical eddy diffusivity  vary with depth. Then

the mass balance equation can be written as

a ‘c 3Z ac+ ~ = ~
‘2 ~ -(w- 3z)az

where R is the source of oil/SPM particles.

The oil/SPM profile may look like:

,[~’ CThermocline

The conditions for the maximum are:

3*C > ~
> 0 above thermocline

az2
g

azc < ~
% = O in thermocline

azz

aca2c > 0 %!’ < 0 below thermocline
a Z*
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For the maximum to exist under these conditions, we must have

gz<w

above the thermocline and

#z>w>o”

(4.190)

(4.191)

below the thermocline. This is consistent with the general distribution of Az

which shows a minimum in the thermocline.

4.10.9 Current Status of Modeling OiljSpM Interactions

At this time none of the previously desdribed formulations for model-

ing oil/SPM interactions have been incorporated Into the Open-Ocean Oil-

Weathering Model Code. These derivations were presented  to illustrate  the

approach which is required to include these interactions and to define the

physical and chemical parameters of importance which would need to be charac-

terized before modeling such interactions can be successfully pursued. Hcw-

ever, it is important to note that the oil/SPM interactions is an “add-on”

calculation to the oil-weathering code. The oil-weathering calculations only

provide a source term for dispersed oil. Thus , the Open-Ocean Oil-Weathering

Code is a stand-alone calculation with respect to oil/SPM interactions and the

oil/SPM interaction calculation is carried out afterwards because there is not

oil/SPM feedback to the weathering oil slick.
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5.0 EXPERIMENTAL PROGRAM RESULTS -- LA JOLLA, CALIFORNIA AND KASiiSNA
BAY, ALASKA

5.1 EXPERIMENTAL CHAMBER EVAPORATION/DISSOLUTION RATE DETERMINATIONS

Evaporation and dispersion

affecting oil after it is released

the volatile compounds may be lost

hours (JORDAN and PAYNE, 1980). The

are the two major weathering processes

into seawater; in some Instances most of

by evaporative processes within 24 to 48

composition of an oil sllck, its surface

area and physical properties, the wind velocity, air and sea temperatures, sea

state , and the intensity of solar radiation can all affect hydrocarbon evapora-

tion rates (WHEELER, 1978).

Given sufficient time, evaporative processes can remove most of the

volatile hydrocarbons with molecular weights less than nC-15, and In generdl

pentadecane ~s the lightest normal alkane commonly found in weathered oils and

tar balls (PAYNE, 1981). Further, it is rare to find hydrocarbons liqhter

than nC-12 in seawater extracts not associated with oil spill events. Tne

volatile compounds encompassed below nC-15 make up anywhere from 20-50% Of

most crude oils, and the distill ation, curve data shown In Figure 3-12 illus-

trate that these components make up 50% of the overall mass of Murban crude,

46% of Cook Inlet crude, 31% of Prudhoe Bay crude and 25% of Wilmington crude

oils. Hydrocarbon components with molecular weights less than nC-15 can make

up as mucn as 75% or more in refined petroleum products and they constitute

10% or less of residual fuel oils such as Bunker C (CLARK and BROWN, 1977).

While other studies have been completed to determine the reidclve

importance of evaporation vs dissolution for such compounds as benzene and

cyclohexane (HARRISON et al., 1975; MCAULIFFE, 197/; SMITH and MCINTYRE,

1971), carefully controlled experiments were clearly required to examine the

simultaneous affects of evaporation and dissolution On oil wedtherlflg. Acqui-

sition of such data is critical for modification of algorithms and input compo-

nents for the oil-weathering computer model and verification of predicted

output where environmental parameters such as wind speed and air and water
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temperature could be controlled. To support th?s requirement, an evaporation

dissolution cnamber was constructed to allow slmu”ltdneous, COMpGUfld-SPeClf

concentration determinations in air, oil and water phases such that evapor

tlve and dissolution

Figure 5-1 presents

chamber showing Tts

shows the assembled

process rates could be determined as a function of tlm

three schematic diagrams of the evaporatlun/dissoluti

component parts and functional design, ~nd Figure E

evaporation”/dissolution chamber. The circular design

the tank irllows alr to pass over the sllck on a one time basis where tin est

mdterl 507, of the alr flow is diverted up the exhaust vent shown In Figure 5-

afid out ot the exhaust port into a vented duct. The velocity of the 6

stredm”.  ls controlled by baffled. systems Gn the blower shown in the foregro~

Gf Figure 5-2, and dir ve?oclties over the slick are m&dSU~ed using a Kurz E

veloclty meter installed 5 cm above the oil/seawater Interface. To rninim~.
sample contamination during experimental studies, the tank nas been fdbr~cdt

entirely of glass, stainless steel, anodized aluminum and teflon. The clrc

ldr design was ’chosen over other shapeS (e.g., reCtLingU]ar)  such that WI

driven G1l would not accumulate or pile up at one end of the chamber. in tr

ndr!ner a continuous oil slick can be maintained to Simulate ‘the cundltions

airflow over d large

For dmblent

bled ?n a dedicated

surface oil mass.

temperature (19 to 23”C) studies, the :hdmber lwas a~s~

laboratory facility controlled by standdrd air conditl(

lnq. Lower temperature studies at 13 dnd 3UC have been conducted within

Speclal]y designed cold roGm where dir and water temperatures could be car

fully controlled dnd maintained. (In this enclosed chdmber, lower mol~cu

weight hydrocarbons lost due to evaporation processes are venti?a outside 1

ldbGrdtory.) Seawater for the system was obtained from the flow-tnrouuh s!

water aquarium supply source at Scripps Institution of Oceanography and f

tered (0.45 ~m glass tlber filters) before use. During an experlmentdl  rt

rime series alr samples were obtained by adsorbing volatlle components or

Tendxf’ columns (usinq a technique c!escrlbed in greater detaii in Appenc!lx 1

water column samples were obtained thrGugh the stopcocks in the sides ot 1

cnd’nber and “qrab” Gll samples were obtained throuqh a specl~l I,y d?slar
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sampling port in the top of the air-~low manifold. To ensure homogenlty in

the water column, the water was agitated from below by means of a variable-

speed rotating paddle capable of generating eddy diffusion coefficients ranq-
2ing from 10 to 100 cm /sec.

5.1.1 Results of Evaporation/Dissolution Chamber Experiments at 19°C - La
Jolla

Before experimental studies on such a complex mixture as Prudhoe Bay

crude oil were initiated, evaporation/dlssoluti  on experiments were completed

usinq a simple, three component mixture consisting of benzene, toluene, and

cyclohexane at less than full saturation concentrations. The application of

the results from these experiments toward the

was presented in detail in Sections 2.4.4

November 1980 Interim Quarterly Report (PAYNE

oil weathering model development

and 2.4.6, respectively, of our

et al., 1980).

After completing preliminary evaluation of the evaporation/

dissolution chamber with the three component mixture mentioned above, a series

of oil weathering experiments were undertaken with Prudhoe Bay crude oil at

ambient (19 to 23°C) temperatures and at 3°C in the presence and absence of

Corexit 9527. Time-series oil and water samples collected in conjunct~on with

these experiments were fractionated into aliphatic,  aromatic and polar Compo-

nents and analyzed by capillary Flame Ionization Detector (FID) gas chromato-

graphy. All original and reduced chromatoqraphic  data were stored in the

experiment (EXP) data base of the oil weathering model. Individual compound

concentrations could then be retrieved from the computer data base for any

desired fraction as a function of time and environmental conditions. Data for

atmospheric volatile compound concentrations were obtained and reduced manu-

ally (Tenax trap experiments); however, the reduced data output were then

entered into the computer for generation of time series decay curves for vola-

tile compound losses.

Figure 5-3 presents time series packed column FID qas chromatoqrams

obtained on the volatile components in the alr above the spilled oil slick at
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19° C (Evaporation/Dissolution Run 4; denoted E/D-4). This technique allow:

quantltatlon  of lower molecular weight compounds ranging from propane througl

nonane as a function of time. As the chromatograms in Figure 5-3, B and (

illustrate, very rapid losses of lower molecular weight components belo~

octane dre observed. The chromatogram in Figure 5-3D shows the in-series back-

up Tenax trap from the 15 minute sample, and only limited breakthrough 01

lower molecular weight compounds such as butane and methylbutane  are noted,

Figure 5-3E presents a time-zero Tenax background air control sample showln{

no component contamination before the spill occurred. Additional details or

the sampling procedure and methodology for analyses of volatiles using this

Tenax trap procedure are presented in Appendix F - Analytical Methods.

From the type of data obtained and shown in Figure 5-3, it i:

possible to generate time series airborne concentrations of these volatil(

compounds as snown by the data in Table 5-1 and the graphs in F19ure 5-4,

Clearly, airborne concentrations of monocyclic aromatics such as benzene ant

toluene are observed to fall oft rapidly to non-detectable

8 hours under these conditions. Similar exponential decay

for volatile dllphatic compounds such as pentane, methyl

(Figure 5-5).

levels within 7 tc

curves are observef

pentane and octan{

Simultaneously collected water samples analyzed by a purge and tfd{

techrrlque similar to that developed by BELLAR and LICHTENBERG, (1974) allow

determination of water column concentrations of these same volatile component:

as a function of time; Table 5-2 and Figure 5-6 present such time series dati

(from E/D-4) for benzene, tol uene, cyclohexane and xylene. In the water

column data, an Initial increase in aromatic hydrocarbon concentrations i:

noted with the concentration maximum occurring after 4-5 hours. Under thes(

conditions, the absolute maxima of individual compounds are determined by th[

oil phase and seawater solubil ities of the compound of interest and lts mol[

fraction in the parent oil. After the maximum concentration buildup at 4-I

hours (controlled by compound specific mass transfer coetflcients) exponential”

decreases in the water-borne concentrations are then noted due to gradua

seawater/a”ir partition”lng and evaporative loss of these compounds.
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TABLE 5-1. TIME-SERIES AIR-BORN cONCENTRATIONS (u9/1) OF
kJLAIHERIt’Ki  AT 19°C
. .- .—. --- - . .- .— - - - —

A 7 KNOT WI~D-(Tenax

(,(lq,{ml)(l
- - - - -

Ihil.l?lw

{ V( 10110111  allf?

t4.lhyllllIt*lw

I’fwldlll.

(,yl  loht,xallP

MPlhylpllldllH
ul

& U$W171’IIP

IIPMAII{$

HPIIIVII y(. lohexane

Iolllelw

Ilhyl Ilfvl{l’no

CIuvOIW  R II  -or tane

30
time o m i n
. . . . .

11.9 3.54

2.46 0 761

?.30 2.22

16. I 3.IM

?.52 2.70

?.32 2.J4

1.8 1.1/

12,0119/1 4.?n

15.6 5.64

14.3\lg/l  4.9fl

1.47 0.516

6.08\,g/l  2.63

UNDER

45
Ill I n

-. .-..
3.(I!I

0. 6n9

2.59

3.50

2. No

2.21

I.IR

6.29

5.63

5.11

0.555

2.60

1

I
holll”

. - . .

2.65

0. w?

I .011

1.?9

1.39

1.14

0.6?0

3.’30

3.11

?.91

0.318

1.15

15
min

—. -.. .

1.17

Nl)

1.19

1.64

1..36

1.19

0.610

3.a9

3.14

2.79

0.306

1.63

I
hour
30
ml n

_  .—A  . .—  . .—- - -A  , .-

PRUDHOE BAY CRUDE OILVOLATILE COMPONEN1-S  AHJVt
Samples from E/D-4).

I
how
45
mln 2 hrs

—---—- . ----  .-. .—— . . . . . .

ND

NO

0.615

0.816

0.fI16

().53)

().653

2.12

i.4a

1.55

NO

1.35

NO

NO

i721

0.682

0.6112

0.565

1.(MI’

2.39

1.4?

1.4?

NO

1.2)

ND

NO

0.4.39

0.496

0. 48fl

0.400

0. J413

2,62

1.25

0.975

NO

1.20

2.5 hrs 3 hrs

.- - - .—— --- - .
NO

ND

0.592

0.426

(L4i4

0.55?

a.6.w

4.95

1.23

o.n64

Nl)

1.09

N[J

ND

0.241

(). 222

0.323

0.1 No.
0.355

O.i-iofl

0.711

0.484

ND

0.806

4 hrs 5 hrs

----—  . . . . .

NO

ND

Nl)

NN

0.120

Nl)

0.160

1.60

0.24?

0.20

Nl)

n.!i?a

NO

Nl)

NO

NO

N.?53

NO

0.441

1.77

0.222

0.253

NO

o. 34fl

6 lit-s 1! hrs

.

NO NO

Nl) Nl)
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TABLE 5-2. TIME-SERIES WATER COLUMN CONCENTRATIONS (vg/1) OF LowER MoLEcuLAR wEIG~ ALIpHATIc  AND
AROMATIC COMPONENTS FROM PRUDliOE BAY CRUDE OIL WEATHERING AT 19°C UNDER INFLUENCE OF A
7 KNO’T WIND (Evaporation/dissolution ExP-4; purge and traP anaiYses after Bel~ar arid.
Lichtenberg, 1974).
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Intermediate and higher molecular weight component-specific ctdtd can

only be generated by more detailed time-series sampllng, methylene chloride

extraction and fract~onation  of oil and water phases followed by c~pi’llary gas

chromatoqraphic dnZilySeS. Figure 5-7 presents the time-series FID capillary

column gas chromatograms obtained on the aliphatic fractions of the oil sam-

ples from one such evaporation run (E/D-4) undertaken at 19°C under the influ-

ence of 7 knot winds. Sampling times for the chromatograms shown in Figure

5-7 are as follows: A, O hours; B, 2 hours; C, 1 day; D, 3 days; E, 7 days;

F, 12 days; G, 24 days; and H, 41 days. Quite clearly, genera? evaporative

trends can be observed from the chromatograms in Figure 5-7, and rapid loss of

compounds below Kovat index 1000 are observed after as little as 2 hours. The

time series concentration profiles for the Intermediate and higher molecular

weight compounds are somewhat more subtle with only

occurring, and Tables 5-3

ed aromatic hydrocarbons

Iy.

and 5-4 present time series

in the 011 and sub-surface

Examination of the myr~ad of peaks in the

llmited additional losses

concentrations of select-

water column, respectlve-

time series chromatograrns

and the data in Tables 5-3 and 5-4 clearly shows the efficacy of developing d

sound data management system for handling the extensive array of compound-

specific data in the oil and water phases during the weathering process.

Specifically, for each sample phase (oil, water and air) at each sampling

time, literally hundreds of component-specific concentrations are generated.

While such data can be worked up manually and plotted as shown in Figures 5-f

t h r o u g h  5-13, c o m p a r i s o n s  o f  o i l  w e a t h e r i n g  b e h a v i o r  a s  a  f u n c t i o n  of t e m p e r a -

t u r e  ( o r  t h e  p r e s e n c e  o r  a b s e n c e  o f  d i s p e r s a n t s ,  e t c . )  c a n  b e s t  be a c c o m -

p l i s h e d  t h r o u g h  c o m p u t e r  m a n i p u l a t i o n  o f  d a t a . F u r t h e r , c o m p a r i s o n  ot pre-

dicted vs. observed compound-specific (or even pseudo-component or distilla-

tion cut) data for oil weathering behavior can only be handled with an ad-

vanced data system such as the one utilized in this program. During develop-

ment of this GC data base system, however, it was necessary to manually reduc~

and plot some of the initidl individual-compound time-dependent concentration:

5-14
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TABLE 5-3. TIME IIEPEP!DENT AROMATIC COMPOUND CONCENTRATIONS IN OIL EXTRACTS BENEATH
A SLICK UNDERGOIt{G  EVAPORATION/DISSOLUTION WEATHERING AT 19° UNDER A 7
KNOT WIND. (Concentration in ug/1 ).

I.( hy Ii,wueur
1,4 R !, I-dlnethylhenezene
1,7-dil,*f,lhylbenezene
prupy I hrnzetw
l.ethyl -2-wtltyll,enzpne
I-nvttny lethylt>enzeake
1,7,4, -t#lm#thylhenzene
1,2, X--ttimetlly  lhe,t?ene
?,l-,li t,y(lrn.111-lndan~
7.1. dll$ytlro  -l-nlPtl,  yl-lll.  indane
1.?.3.$-tP!rawLhylhen~pn?
1.7, 1.4. t.tr.m. tl, ”ltle,, T6,r,.
,,. phthalwe
l-methv lnaphthalene
7-n,,  ethyl naf,htl$alenv
1,1-h lphenyl
7-rthyl,,.?pht  h,>le”e
1.5-d ltwtl,y  lnal!l!tl$alene
7, I-dtmrttlylnaphtha  hwe
1
,1 +w!hy Ime-t>lst,w,>ww
d i ttiv,  z .th I ui,hww
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RI [ml,). )

7.2?
?.64
&59
li.38
11.81
12.68
13.40
14.86
15.49
17i. ?t
?1,65
??.09
“23.26
?3.51
28.71
17. !45
33.45
33.94
34. 6?
37.64
48. 3?
49.34
$2. O!J
53.58
54.4?
58.36

.

(OVA
—

157
)67
19.3
151
)59
t77
191
1019
1031
t on?
1148
1156
[179
I 304
I 208
1315
!3/37
I 3W
141>
14131
i746
1771
184$
1887
1911
20??—

5N41$I I rll, T 1111
l-w,.

26.9
184.
114.
12.6
118.
74,7
263.
210.
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7!3. s
83.2
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560
owl
16?
1?4
580
708
781
?a6
?07
176
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I !01
242

1.5—

124.
94.1
15.9
105.
7ft.3
770.
284.
?1.6
12?
1?1
148
52 I
940

I 500
14.1
77)
1i2Fl
221
459
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761
?.!!1
Ihl
?1?
76.4

>.0

~
131.
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72<1

303.

?74.

19.7
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?27
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7/0
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I Vl
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6.o.
14.1
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71.6
49.9
2R0.
1%5.
1?.7
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97.8
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905
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250
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R.?s 1?.0

T

18.5 76.6
61.3 21,4

5t3.t3 13.8
31.7
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66.7 79.2
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304 ??7
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ZFL

24. fl ‘“ ‘“ “- - ‘ - ““ ““” ‘“” ‘“- “-’ ‘“” ‘-”—
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17. ?
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79. I
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.
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~s shown in’F~gures 5-8 through 5-13. Figures 5-14 and 5-15 present the mc

recently computer generated plots of the oil phase component concentratic

from E/D-4.

The 011 slick component concentration graphs (Figures 5-8 throl

5-15) show the exponential decrease of the lower molecular weight componer.
from the slick and the longer-term stability and residence of the higr

molecular weight polynuclear  aromatics, heterocyclic PNA’s and their resp~
#

tlve al kyl -substituted homologs.

The concentrations of lower molecular weight compounds such as eth~

benzene and 1,2-di ethylbenzene were observed to decrease very rapidly in t

first several hours, and after a period of 6 hours ethylbenzene (KUVAT 8!

was no longer observed in the surface oil. Likewise, l-ethyl -2-methylbenz~

(KOVAT 95g) showed a very rapid decrease in concentration with no ctetectak

m~terial present after 12 hours (Figure 5-9). Evaporation and dissolution

l,2,4-trimethylbenzene (KOVAT 991) were somewhdt slower (Figure 5-8), but 1

exponential decay resulted in no detectable material after approximately

hours , and the concentration of its isomer, l,2,3-trimethylbenzene (K04

1019) is seen to decrease rapidly in a 12-hour period. Tetramethylbenzf

(KUVAT 1148) was observed to decrease exponentially over the first 24 hours

the point where it was no longer observed (Figure 5-9). Tetrahydronaphthal~

(KUVAT 1156) was also lost before 12 hours occurred$ and naphthalene decrea:

in an exponential fashion over a 74 hour period to where it was no lon~
.

detectable (Figures 5-8 and 5-9). The alkyl -substituted polynuclear  aromatl

showed longer residence times in the oil, with 2-methyl naphthalene (KO\

1288) dfld l-methyl naphthalene (KOVAT 1304) pr-esent for 220 hours (Figures 5-

and 5-11). They too showed an exponential decrease in concentration in 1

0 1 1 , and 1,1-biphenyl (KOVAT 1375) and 2-ethyl naphthalene (KOVAT 1387) she}

slmllar effects as their concentrations dropped off exponentially to the poi

where they were no longer observed after 250 hours (Figures 5-11 and 5-1;

The compounds with molecular weights above alkyl-substituted naphthaler

showed longer residence times in the oil, and this is illustrated in Fig~

5-24
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‘IGURE 5-14. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
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AT 19°C UNDER INFLUENCE OF A 7 KNOT WIND. (E/ D-4 DATA FROM
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FIGUQE 5-15, COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC HIGHER MOLECULAR
WEIGHT COMPONENT CONCENTRATIONS REMAINING IN PRUDHOE BAY CRUDE
OIL WEATHERING AT 19°C UNDER INFLUENCE OF A 7 KNOT WIND, (E/ D-4
DATA FROM EXP DATA BASE OF OIL WEATHERING MODEL).
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5-12 for 1,1-met hylene his-benzene. (KOVAT 1487) which was still present after

475 hours although its concentration

ponential fashion during that period.

Dibenzothiophene, the major

had dropped by a factor of 4 in an ex-

sulfur heterocyclic aromatic compound in

Prudhoe Bay crude oil, did,not show a significant decrease over a 500-hour

period due to either eviiporation or.dissolution (Figure 5-13). In fact, the

relative concentration of dibenzothiophene increased slightly in the wedthered-

oil-residue due to the loss of the lower molecular weight components. Phen-

anthrene  (KOVAT 1771) also showed a slight increase in relative concentration

as did the alkyl -substituted 4-methyl dibenzothlophene  (KOVAT 1845) and

2-methyl phenanthrene  (KOVAT 1887; Figure 5-13). Although these compounds do

have limited water sol.ubilitles, as reported by CLARK and MACLEOD (1977), they

are not readily dissolved from the oil into the water column, and they are

apparently not removed to any appreciable degree by evaporation after the

slick becomes diffusion controlled.

Mater column concentrations of these same aromatic compounds are pre-

sented in Table 5-4 and Figures 5-16 through 5-Zl show the manually plotted

time-dependent concentration changes for several selected compounds. Figure

5-22 presents the computer generated plots of many of the same compounds for

comparison. Initial increases of concentrations of the lower molecular weight

arOmatlcS  in the water column occur within tne first 5 to 10 hours while high-

er molecular weight component concentrations peak at after a sl~ghtly longer

period. Interestingly, after approximately 10 hours, exponential decreases ~n

the water column concentrations occurred due to evaporative loss through air/

sea exchange. While the methylene chloride extraction technique does not

al lOw evaluation of benzene and toluene (due to hexane and benzene solvent in-

terference during capillary chromatography), these concentrations can be de-

termined by the purge and trap results as shown in Table 5-2 dnd Figure 5-6.

It is possible with the methylene chloride extraction and subsequent fraction

ation procedure to quantify the water column and oil slick concentrations for

other aromatics, ranging from ortho-, meta- and para-xylenes( l-2, 1-3, and

5-27
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l-4-d imethylben~enes) through alkyl -substituted phenanthrenes. Figure 5-1

shows the time-dependent changes and concentrations of ‘meta- and para-xylm

with time. The initial buildup td 100 IJg/1 in the first 5 hours was ver;

similar to thdt observed when the purge and trap technique was used for’ simi

lar measurements as reported in Figure 5-6. Validation of the compatabllit:

of the measurement techniques is provided by the similar values and trend

obtained by these two significantly dlt’ferent methods (purge and tr~p FID EJ

vs methylene chloride extraction, Si02 fractionation and FID chromatography)

Likewise, concentration buildup and declines for ortho-xylene and ethylbenzen~

were similar when measured by both techniques. Figure 5-17 shows the time.

d e p e n d e n t  c o n c e n t r a t i o n  c h a n g e s i n  t h e  w a t e r  c o l u m n  f o r  ortho-xylene, an(

these ddtii also clearly parallel those observed for the other two isomers

Similar profiles are obtained for ethylbenzene, propylbenzene and l-ethyl-2

methyl benzene in the subsequent Figures (5-18 through 5-20). Polynucledl

aromatics starting with naphthalene show somewhat later concentration maximi

dnd longer retention in tne water column as shown by the data in Figures 5-2

and 5-22.

Each of the maximum concentrations reached during the initlai stage!

of dissolution reflect the mole fraction of the component in the 011 and tht

relatlve activity coefficients of the compound in the oil and the water. Ir

almost all instances, however, the concentrations in the water column in th[

evaporation/dlssoluti  on chamber do not reach the higher values obtained durin~

the closed system (separator funnel) oil/seawater partition coefficient deter.

minations described In the next section (5.2). This presumably reflects the

rapid loss from the oil of the specific components due to evaporative pro.

cesses and the concomitant decrease in overall mole fraction of these lowel

molecular weight materials in the oil. Finally, as these materials are ulti.

mately removed from the oil sllck reservoir itself, the water column concentra-

tions undergo a decrease beneath the slick. In the case of the nigher

molecular weight naphthalenes and alkyl-substituted naphthalenes, this de-

crease does not occur until 10 to 20 hours after the spill incident (20 hour:

for I-methy lndphthalene, 35 hours for 2-methyl naphthalene, 35 hours for
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TIME S E R I E S  OBSERVED W.ATER COLTWfY COXCEXTR.~q)3-S
-.-t e —-

from evapomtion-disti  lution experiment E3XP 4

at 19.00 de: C
o
~

H

n = 857
0 = ~:zy

-A=
+ = LL85
x =3295
0.= 1317

COMPOUNDS
e t hylbenzene
p-tilene
p-cymene
napht halene
2-me t hylnapht Mene
l-met hylnaphthalene

/

FIGURE 5-22. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC CONPONENT
CONCENTRATIONS REMAINING IN THE RATER BENEATH A PRUDHOE
CRUDE OIL SLICK .!4EATHERING  AT 19°C UNDER IN~uENcE OF A
HIND. (E/D-4 DATA FROM EXP DATA BASE OF OIL WEATHERING

BAY
7 KNOT
‘!ODEL).
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b phenyl). This IS presumably due to the longer residence time of the:

higher molecular weight materials In the 011 cdusing their longer resldenf

time in the water column beneath the slick.

During the initial evaporation/d~ssolution  experiment using Prudh(

Bay crude OT1, the oil was added from a height of 6-8” above the water al

significant plunging of oil droplets into the water column was noted. Whi’

such droplet formation no doubt occurs in a real-spill event, such behavi[

significantly complicates development ot algorithms for evaporation and dl!

solution because of the greatly enhanced surface area of the oil droplel

~xposed to the water column. Development of dissolution algorithms to accour

for this droplet formation is much more complicated. Therefore, in subseque~

evaporation/dlssoluti on experiments, the oil

placed transfer tube located 0.5 cm above the

the oil was observed to spread as a smooth SI

was added via a horizontal”

water surface. In this mannel

ick over the water and signif”

cant 1 to 1O-MM oil droplet dispersion was prevented. In that the algorithi

for dissolution require input parameters such as the surface area of the o’

sl?ck exposed to the water, it was believed that this approach would provil

much better experimental data to compare against computer predicted output f{

evaporation and dissolution weathering in the stirred tank experiment!

Further, during the initial evaporation/dissolution experiments using d 7 kn{

wind, 5 to 10-cm holes were “blown” in the surface slick. While such bre~k

ot surfdce slicks In ocean systems is also known to occur, this behavior

the evaporation/dissolution chamber complicates modeling of the observed r

suits and generation of agorithms. For this reason, in subsequent evapor

tion/dissolution  experiments, the wind speed was dropped to 1 knot such th

buildup of volatlle components would not occur in the alr above tne slick b

that holes were not blown into the slick at the same time.

To evdluate these changes in the experimental procedure, a seco

19CC evaporation/dissolution experiment was undertaken and Figures 5-23 ai

5-24 present the computer plotted time-series observed oil concentrations fro~

that experiment. Quite clearly, the reduction in wind speed affects the ra



TI.ME SERIES OBSERVED OIL Ct2NCEiJTRATI  ON~
::

from evapomtion-diswlution  experiment ETXP 5

at 19.00 deg C

o = 857
‘O= 8~
A =  ma
+ = 1185
x‘g
0=
v= 1438

\

““-%\ ,

COMP3UNDS
e t hylbenzenz-
p-xylene
p-cymene
napht ha.iene
Z-met h ylnapht halene
l-met hylna ht halene
C3-naphtdene

I Z&l 40.0 ~JJ &.o llm.o f20.o 1~ &)o 180.0Hours a f t e r  spill

FIGURE 5-23. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATIONS REMAINING IN PI? UDHOE BAY CRUDE OIL WEATHERING
AT 19°C UNDER INFLUENCE OF A 1 KNOT WIND. (E/D-5 DATA FROM
EXP DATA BASE OF OIL WEATHERING MODEL).
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TIME SERIES OBSERVED  OIL CC2JCENTR.4T1CINS.-. —.-

from evapomtion-disso  lution experiment EYA.P  5

at 1S.00 deg C
o

COMPOUNDS
❑ ✝ 967 rnesit ylene
c1 = 1375 bi henyl
A z= 1400 2.j -dime t hykaphthalene
+ = X7$7 dit?mm t hicmhene
x = K’% phenant hre’ne
o = 1920 l-met hylphcnant kwene

=- .L
I 1

t

0.0 20.0 ‘40.0 f3b.o 80.0 lko Woo 140.0 140.0 180.0
Hours a f t e r  sp i l l

FIGURE 5-24. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATIONS REMAINING IN THE MATER BENEATH A PRUC)HOE  BAY
OIL SLICK !4EATHERING AT 19°C UNDER INFLUENCE OF A 1 KNOT
!.JINDO (E/D.5 DATA FROKJl Exp DATA BASE OF OIL \~EATHER ING MODSL )
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of loss of the

Figures 5-23 and

ower molecular weight components as can be seen by companing

5-14. Longer residence times of compou~ds from ethylbenzene

through naphthalene are observed in the slick under these conditions. The

residence time of higher molecular weight components such as mesitylene (Kovat

967) through l-methyl phenanthrene are not drastically affected. That is,

their residence time in the slick is significant over the 180 hours of experi-

ment as would be anticipated. Reduct’lon of the formation of oll in water

dispersed” droplets also significantly .affects the amounts of hydrocarbons

dissolved in the water column, as would be expected from

decreased oil/water interracial surface area. Figure 5-25

puter generated plot of the water column concentrations

dissolution experiment 5 where the oil was added to

the siqnlficantly

presents the com-

from evaporation/

the evaporation/

dissolution chamber with the horizontally positioned addition tube. Compari-

son of the data in Figure 5-22 with 5-25 shows that a factor of 2 to 3 rle-

crease is observed in the water column concentrations as a result of this more

qerttle oil-addition procedure. As noted above, these modif”

experimental procedure were necessitated by the requirement

carefully a controlled oil/water surface area as possible for

algorithms derived to predict dissolution phenomena. Results

cations to the

to maintain as

verification of

of observed vs

predicted water column concentrations from these experiments are presented in

Section 5.5.1.

5.1.2 Results of Evaporation/Dissolution Chamber Experiments at 3°C - La
Jolla

Figures 5-26 and 5-27 present the gas chromatograms  on the aliphatlc

and aromatic fractions of time series oil samples collected from an

evaporation/dissoluti  on experiment conducted under a 1-2 knot wind at 3°C

(E/n-6). In this instance, time series samples were collected 30 minutes

after the spill and at times Z hours, 1 day, 3 days, 6 days, 12 days and 21

days following the initial spill event. On comparinq these chromatoqrams  to

the chromatograms shown earlier in Fiqure 5-7, it can be seen that iOSS of

lower molecular weight components due to volatilization is sliqhtly Inhibited

at this lower temperature. This is perhaps best observed In examininq the
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from evaporation-disso iution experiment EVA.P  5

at 19.00 cieg C

4.

l’\ ❑

/\
= 857

0 = 888
A = 1021
+ = 1185
x

~ ‘+

= EY5
o = 1317
v = 1498

‘\\

)

COMPOUNDS
et hylb.enzene
p-xylene
p-cymene
napht haiene
Z-me t hylnapht halene
l-met hylna M hakne

3C3-naphth ene

20.0 .0

FIGURE 5-25. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATIONS REMAIN ING IN THE WATER BENEATH A PRUDtlOE  BAY
CRUDE OIL SLICK WEATHERING AT 19*C UNDER INFLUENCE OF A 1 KNOT
I!IND. (E/D-5 DATA FROM EXP DATA BASE OF OIL WEATHERING MODEL) .
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F~~~R~ 5.~7. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAYIS  OF AROMATIC
COWONENTS  REK41N1NG IN PRU!3HOE BAY CRUDE OIL IIEATHERI(’IG AT 3’C
UFIDER INFLUENCE OF A 1 KNOT NIND (E/D-6). TIWE-SERIES SAMPLTNG
POINTS AFTER THE “SPILL”: (A) 30 MINUTES; (B) 2 ~OURS; (C) 1 D&’/
(5; 3 DAYS; (E) 6 DAYS; (F) 12 DAYS; AND (G) 21 DAYS.
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TIME S E R I E S  O&ERVErI C IL CONCEXTRA.T~ CIA-S

from evaporation-disw lution experiment ET%..P 6

at 3.00 de: C

0= 857
0 = 886
& = ~c;
+=
x==
o = 1317
v= 1498

/

COMPOUNDS
e t hyibenzene
Fxylene
p-cymene
napht halene
Z-me thyinapht halene
l-met hylna ht halene
C3-mphtJene

o

FIGURE 5-28. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATING REMAINING IN PRUDHOE 8AY CRUDE OIL WEATHERING
AT 3*C UNDER INFLUENCE OF A 1 KNOT WIND.

(E/M DATA FROM EXPD4TA BASE OF OIL WEATHERING MODEL).
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TIME SERIES OBSERVED OIL CONCENTRATIONS--— ..—

from evaporation-disso htion experiment EVA? 6

at 3.00 deg C

❑ = 96’7
0 = 1375
A = 14W
+ =  1747
x =m

COMPOUNDS
mkesit  ylene
biphen  yl
24kiirne  t h yl.napht halene

ditinzo  t hiophene
phemtnt  h.rene

FIGURE 5-29.

Hours a f t e r  sp i l l

COMPUTER OPERATED TIME-SERIES PLOTS OF SPECIFIC HIGHER MOLECULA:
WEIGHT COMPONENT CONCENTRATIONS REYAINING  IN PRUDHOE BAY CRUDE
OIL WEATHERING AT 3°C UNDER A INFLUENCE OF A 1 KNOT WIND. (E/D
DATA FROM EXP DATA BASE OF OIL WEATHERING MODEL).
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c-gnputer generated plotS of specific compound concentrations In the oil vs

time as shown in Figure 5-28 and 5-29.

Comparison of these latter figures to the computer plotted figures

( 5-23 and 5-24) for the 19°C experiment show sigrti ficantly longer residence

times of the intermediate molecular weight components compared to those lost

at the hiqher temperature (note difference in time scales for Figures 5-28 and

5-29 vs 5-23 and. 5-24). The lower molecular weight components (up to

p-cymene) appear to be lost at approximately the same rates (after 60 hrs) In

both experiments. The same relative increases in concentrations of higher

molecular weight compounds such as dibenzothiophene, phenanthrene  and methyl-

p?lendnthrene can be observed in both experiments. Gas chromatoqrams for the

t i m e  s e r i e s  w a t e r  column  s a m p l e s  o b t a i n e d  In the 3°C e v a p o r a t i o n / d i s s o l u t i o n

exper iment  are presented in Figure 5-30. These chromatograms show the slow

build-up of the relatively more water soluble lower and intermediate molecular

weight alkyl-substituted aromatics in the water column. In this instance,

however, the maximum water column concentrations are reached after approxi-

mately 50 hours and longer as shown by the computer plot of water column con-

centrations for this experiment (Figure 5-31). The selected chromatogrdms and

time-series concentration plots show the early water column buildup of the

lower molecular weight compounds of interest such as toluene, ortho- afld

para-xylenes and alkyl-substituted benzenes. The higher molecu?ar weight

compounds such as naphthalene and alkyl-substituted  naphthalenes then reach

maximum concentrations in the water column at 40-60” hours and then remain in

the water column, not being lost through air/sea exchange and evaporation, tor

longer periods of time. It is quite interesting to compare the ChrOmdtO-

graphic profiles of the water column extracts (Figure 5-30) with the aromatic

fractions of the oi 1 sample extracts (Figure 5-27) . Clearly, the aromatics

present in the water column are skewed towards the lower molecular weight

range. The lower molecular weight compounds in the oil are rapidly lost due

to the combined effects of evaporation/dissolution such that, with time, only

the higher molecular weight aromatic compounds remained In the sllck up to the

21 days that this experiment was run.
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IONIZATION DETECTOR CAPILLARY GAS CHROFI.4TOGRANS OF THEFIGURE 5-30. FLAME
AROfflATIc  c@LIPoNEN-rs  REWi,INING  IN THE YATER COLUMN FjENEATH A
pQUDHOE BAY CRUDE OIL SLICK ~!EATHERING 4T 3°C UNDER INFLUENCE
CF A 1 KNOT MIND (E/D-6). TIME-SEF.IES SAVPLING POINTS AFTER T!+
“SPILL”: (A) 30 MINUTiS; (B) 2 HOURS; (C) 1 DAY; (D) 3 DAVS
(E) 6 DAYS; (F) 12 DAYS; and (G) 21 DAYS.
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TIME SERIES CIBSERVE13 WATER COLUMN CONCENTRATE OYS- -

from evaporation-ciis901ution experiment EViP ~

at 3.(30 deg C

COW’QUNDS
n = 857 ethyl’benzene
o = 866 p-xylene
A = 102I p-cymene
+ = llE5 napht halene
x = lZY9 Z-methylnapht h.alene
o = 1317 l-met h ha ht halene
v= L!/1498 C3-nap th ene

R

+

‘ho 50.0 lim i?lko 2s0.0 3
Hours lf?er s p i l l

[GURE 5-31. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC AROMATIC
COMPONENT CONCENTRATIONS REMAIN ING IN THE WATER COLUMN
BENEATH A PRUD!-!OE BAY CRUDE OIL SLICK FEATHERING AT 3°C
UNDER INFLUENCE OF A 1 KNOT WIND. (E/ D-6 DATA FRoM EXP
DATA 13ASE OF OIL W4THER1NG P?ODEL) .
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5.2 I)ETERMINATION  OF LIQUID/LIQUID PARTITION COEFFICIENTS AND WATER S01
BILITIES OF CUMPUNENT PETROLEUM HYDROCARBONS AS A FUNCTION OF TEMPt
ATURE

In order to adequately predict evaporation/dissolution phenomen~ w:

the 011 weathering model, thermodynamic data In the form of equilibrium dl

trlbution coefficients are required to describe interphase mass transf~

These data are typically referred to as Henry’s Law coefficients for evapor

tion or Iiquld-llquid  partition coefficients (M-values) for dissolutic

These data ”are used to describe how far from equilibrium the three phases ar~

‘in terms of concentrations, and the departure from equilibrium measured on

arbitrary scale multiplied by the appropriate mass transfer coefficients ylc

the mass flux across the phase boundary from oil into the water and atmospher

To-determine the liquid-liquid partition coefficients (M-values) f

~11 of th~ components of interest in Prudhoe Bay crude oil , a series of eqL

librium experiments were undertaken at 3, 13 and 23VC. In these experimer

known volumes of oil and water were equilibrated in separator funnels for

hours, with their phases being vigorously shaken at time zero and then allok

to settle with occasional swirling over the first 24-hour period. Addltior

mixing (swirling) was done 13 hours before sampling, and the phases WE

allowed to separate without further agitation. water and 011 phdse sampl

were then removed and the samples were extracted with equal volumes of meth

lene chloride (800 ml).

During initial attempts at M-value determinations, a number of prc

lerns were encountered due to the formation of 1 to 5,vm micel”les of dispers

oi I in the wdter column phase. Incorporation of micelles into t’Ie ~quec

pnase led to anomalously high levels of “dissolved” petroleum hydrocarbc

(exceeding volubility limits in some cdses) ?n the aqueous phase. Tr

mlcelle phenomenon yielded M-value partition coefficients (011 phase concentr

tlon : water phase concentration) which were anomalously low, and with the

M-values initially predicted rdtes of dissolution of higher molecular welg

components were too high. In addition to the microscopic examinations ot t

aqueous phases from these M-value experiments which confirmed the presence
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micelles, indirect evidence of micelle formation was obtdlned  by the prest)nc[?

of higher molecular weight n-alkanes  in the aqueous lIhdSe. These compounds

have extremely limited water solubil ities (less than 0.8 ~g/L for compounds

with moIecular weight gredter than rIC-18; SUTTON AND CALDER, 1974) and their

presence in water column extracts was taken as evidence of micelle formation.

Because of these initial difficulties due to the oil-in-water dis-

persions, a number of additional M-value experiments were then undertaken

where the oil and water phases were not as vigorously agitated. F~gure 5-32

presents FID capillary gas chromatograms of (A) the whole unfractlondted 011,

(B) the allphatic  fraction of the surface oi 1, (C) the aromatic fraction of

the surface oil, and (D) the unfractionated water column extract from under

the sl~ck. lnltially, M-value determinations were attempted using L/C f’rdc-

tionated water column samples; however, only trace levels of aliphatlc  compo-

nents were detected In the fractionated samples, and some breakthrough of the

lower molecular weight aromatics (benzene, toluene, xylenes, and etnylbenzene)

during the liquid column chromatography was noted, This phenomenon compli-

cated ratio determinations for oil phdse and water phase concentrations, so

later M-value determinations were completed using unfractiondted  water column

samples. Because the majority of the components which are subject to dissolu-

tion are aromatic hydrocarbons, this procedure does not limit the data ob-

tained. Figure 5-33 presents the reconstructed ion gas chromatogram  of the

water column extract, and Table 5-5 llsts the identifications of the aromdtlc

compounds of interest.

From this latter series of partition coefficient experiments,

M-values for lndlvidudl compounds at various temperatures were obtdined, ~nd

Table 5-6 presents the calculated values for oil/seawater partitioning dt 3

and 23”C. These values were obtained using a sub-program In the overall 011

weathering model called M-VAL, which matches the 011 phase dnd wdter phase

specific compound concentrations by Kovat retention indices. Also shown In

Table 5-6 are the Identifications of selected compounds as determined by the

GC/hS analysis of the water column and fractionated (F2) oil sample extracts.
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FIGURE 5-32. FLAME IONIZATION i3ETEcTf)R CAPILLARY GAS CHROMAToGRAHs oBTAIN~D
ON SPECIFIC SAMPLES USE!) FOP COMPOUN!) SPECIFIC OIL/SEAWATER
PARTITION COEFFICIENT (M-VALUE) DETERNIN.4TIONS. (A) UNFRACTION
~:~; (~; ALIPHATIC FRACTION OF THE SURFACE OIL; (C) A2SMATIC
PRAC710N OF THE SURFACE OIL AND (D) THE UNFRACTIONA’TED WATER
COLUMN EXTF?ACT BENEATH THE SLICK. (KOVAT I?!DICES  ARE SHOWN
ABOVE ~lr4JO!? PEAKS).
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FIGuRE 5-33. RECONSTRUCTED 10N CtlROMATOGRAM  (RIC) FROM CAPILLARY GC/MS ANALYSES OF WATER COLUMN
EXTRACTS FROM OIL/SEAWATER PARTITION COEFFICIENT EXPERIMENTS. lDENTI FICATIONS OF
TtlE NIJMBERED PEAKS IN TtlF CtiRf)MATOGRAl!  ARE ‘PRESENTED IN TABLE 5-5 .



TABLE 5-5. COMPOUNDS IDENTIFIED BY GC/MS ANALYSES OF l~!ATER COLUMN
EXTRACTS FROM OIL/SEAWATER PARTITION COEFFICIENT (M-VALUE)
EXPERIMENTS.

1 methyl chloride (solvent)

2 eth.ylbenzene

3 p-xylene

4- o-xylene

5 nonane

6 C9 H1 6
7 cumene

8 n-oropylbenzene

9 ethyl methyl benzene

10 trimethylbenzsne

11,12 C3 benzenes

13 d~cane

14,15 C4 benzenes

16-18 C3 benzenes

19 unsaturated C3 benzene

20 methyl isopropyl benzene

21 methyl propylbenzene

22 C4 benzene

23 ethyldimethyl benzene

24-28 C4 benzenes

29 t-amylbenzene

30 C4 benzene

31 tetramethylbenzene

32,33 unsaturated C4 benzenes

34

35

36

37

38

39

40

41

42

C4 benzene

C5 benzene

tetralin

C5 benzene

naphthalene

C2 indane

unsaturated C benzene
2(possibly a m thyltetralin

or a C2 indane)

methyl tetral in

2-methylnaphthal ene

43 3-methyl naphthalene
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TABLE 5-6. OIL/SEA14ATER LIQUID-LIflUID PARTITION COEFFICIENTS (fif-VALLIES)
DETERMINED AT 3 AND 23°C.

~. ‘/alues  ~ece~ine~ at 3° and 23°

<*vats M- Values Comoouilds

3°ail/30-Wat 23° -oil/23° -wat 23° -oil/23° -Hat
765

359
367
592

923
953

361

967

979

992
:321

1035

11266

1086

1121

1163

1185

1199
L237

1284

i296

:316

1338

L343
!271

1425

142s

1461

1463

i476

1499
1510
1523
1529
1537
1546

652

2,660

3,030

2,730
8,840

13,400

12,100

14,900

10,800
------

14,800

3,530

68,800

10,740

57,300
------

5,570
---.--

------

3,900

35,800

30,400
------

10,100

3,210

128,000

67,000
------

5,670

58,300
------

23,300

47,300
------

47,400

4,600

688

2,690

3,060

2,260

8,520

14,645

10,s00

i3, 600

9,350

11,200

5,830

1,990
------

4,290

6, 53e

26,300
6,720

19,900
5,180

1*11O

14,900

5,320
4,690

951

466
.-----

------

44,500

889

9,030

6,910

7,130

6,120

10,000

7,930

325

593

2,250
~,jjo

1,900
7,310

14,800

9,370

11,800

7,840

9,080

9,560
2,450

38,aoo
2,530

12,600

22,000

6,900

15,500

5,240
1,070

11,000

4,830
4, (360

951
d24

93,400

23,200

53,900

1,009

6,920

6,590

6,460

6,610

10,600
6,660

714

to 1 uene
e:?ylbenzene
p-xylene
o-xylene
wmene
fi-pror~lbet?zene
etnylmecnylsenzene

mesi:ylene
C3 benzene
C3 benzene
p-cynene
~aDntha~ene
..4 benzene
etnyldimetnyl benzene
tetramethyl benzene
naqhthalene
naDhthal ene
~j benzene unsaturated
2-methylnavF:*a”ene
C~ benzene
2-methylnaohthalene
i-methylnaD5:?als5?

n-oc:ylbenzene
:3 rtaphtha;ene

2-isooropyhaohthalzna

l-lSO!JrOUyl  l~ohth:~ele
trlmetnyl qzgh:hi?z-e
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TABLE 5-6. OIL/SEAWATER LIQUID-LIOUID  PARTITION COEFFICIENTS (M-VALUES)
DETERMINED AT 3 AND 23°C. (Continued),

)1- Vaiues Determined at 3° and 23° (continued)

Kovats !4 - Values Comoouncis
3°0il/30-wat 23° -oil/23° -wat 23C -oil/23° -wat

1589 7,880 1,730 1,440
1642 13,400 2,150 2,160
1715 71,800 ------ 9,460
;743 ------ 8,030 6,953

1941 9,760 5,270 4,080
1867 30,100 11,900 10,800
2154 ------ 5,280 3,920

methyl fluorene

methyl dibenzothionhe
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These vdlues are then used in the evaporation/dissolution 011 weather-

ing model as described in Section 4.0 of this report. SectIon 5.5 presents

the results of predicted vs observed evaporat~on and dissolution behdViOF for

specific compounds as measured in the evaporation/dissolution chamber at 23

and 3*C and in the wave tank experiments completed at KdSltSni3 Bay.

5.3 OUTDOUR EVAPORATION/DISSOLUTION STUDIES IN FLOW-THROUGH AQUARIA AT
KASITSNA  BAY, ALASKA

Part of the Sumner 1980, Kasitsna Bay program Involved construction

of outdoor flow-through aquaria for long-term sub-arctic evaporation/

dissolution and microbial degradation studies. Figure 5-34 presents a sche-

matic diagram of the outdoor flow-through tank arrangement, and Figure 5-35A

shows tne arrangement of the tanks during wdter column sampllng. Figure 5-356

shows the mechanical stirrers used to provide turbulence during the Spring

1981 program. In September and October of 1980 four long-term microbial

degradation experiments were begun: flow was maintained in two tdnks where

oil was allowed to weather in the presence and absence of Corexlt 9527 (Tanks

3 and 7, respectively), and two tanks were maintained in a static condition

where similarly treated OI?S were allowed to wedtner In the absence of con-

tinuous seawater flow (Tanks 5 and 2, respectively).

At the onset of the Spring, 1981 program, the four outdoor tanks were

again examined and sampled, and two of the systems (Tanks 3 and 7) were left

undisturbed to allow continued longer term microbial degradation of the par-

tially weathered oil over the summer months. Additional details on the re-

sults obtained from these and other long-term microb~al degradation experi-

ments are described in Section 7.0.

A more amb~tious series of evaporation/dissolution experiments were

then undertaken during the Spring 1981 program in these outdoor tanks uslnq

the matrix design as presented in Figure 5-34. That 1s, evaporation/

dissolution phenomena were examined with fresh Prudhoe Bay crude oil and
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.
artificially generated mousse In the presence and absence of turbulence and i

the presence and absence of the dispersant  Corexit 9527 as shown in Flgur

5-34.

Time-series capillary column chromatographlc profiles were obtalne

at Kasitsna Bay on the oil fractions during the experimental runs, and dlgi

tized data were recorded on magnetic tape and returned to La Jolla for Incor

poration into the data base for the 011 weathering model. AS in th

evaporation/dissolution experiments in La Jolla, two types of water sample

were obtained, with the first being 25-ml whole water samples in Pierce septum

capped vials for analysis of volatile organics by the purge and trap tech

nique. In addition, 20 to 40-L samples of the discharged water from each tan

were obta~ned and extracted with methylene  chloride for later laboratory frac

tionation  and GC and GC/MS analyses:

Numerous samples were collected to provide quantitative data o

evaporation/dissolution rates of oil under a wide var?ety of conditions; now

ever, only three selected exp~riments  are addressed in this report. Speclfi

tally, these include evaporation/dissolution results from: fresh oil in th

presence of turbulence (Tank 1); artificially generated mousse in the present

of turbulence (Tank 8); and fresh crude oil plus Corexit in the presence o

turbulence (Tank 5).

The importance of examining the evaporation/dissolution behavior o

an artificially generated water-in-oil emulsion stemmed from the fact tha

significant increases in viscosity and specific gravity have been observed fc

many water-in-oil emulsions, and these increases have been shown to affec

spreac!lng, dispersion, interaction with suspended particulate material ar

presumably.evaporation/dissol  ution (PAYNE, 1981). TWARDUS (1980) indicate

that no quiintltative data existed on how mousse affects evaporation, but i

was suspected that once mousse formation occurred, evaporation would occur a

rt?d’uced rates. Siml lar predictions have been made by NLIGATA and KOND(I ( 1977)
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and, in our Spring 1981 experiments, attemptS were rnddE? to quantify dny dltfer-

ences in lower molecular weight volatile compound losses from fresh Prudhoe

Bay crude oil and artificially (shaker table) generated mousse where evapora-

tion was prevented during mousse formation in a sealed teflon container.

Specifically, in this experiment, a water-in-oil emulsion (or artlflclal

mousse) was generated with fresh Prudhoe Bay crude oil by mixing 80 pdrts

filtered seawater with .20 parts fresh oil in sealed teflon containers on a

shaker table for 48 hours.

This fresh mousse was then poured onto the water surface In Outdoor

Tank #8 and propeller driven turbulence was introduced to determine if differ-

ential rates of lower molecular weight hydrocarbon losses occurred In the more

viscious water-in-oil emulsion compared to fresh Prudhoe Bay crude (Tank No.

1). As in the corresponding evaporation/dissolution chamber experiments in La.
Jolla, volatile compound concentrations were measured in the air 1 to 2 inches

above the slick by pumping measured volumes

columns packed with Tenax@ at different time

In both Tanks 1 and 8, turbulence was induced

and air temperatures at the time of sampling

of air through stainless steel

intervals following the SP1llS.

by propeller m~xing. The water

were 6° and 6 to 12”C, respec-

tively. After sampling, the Tenax@ traps were capped with stainless Swagelok@

fittings and stored at room temperature until FID GC analyses, using the proce-

dures described in Appendix F. Backup columns In series with the front col-

umns showed no breakthrough of lower molecular weight materlai and 95+% re-

covery on the front traps. Interestingly, the qualitative appearance of the

temperature programmed chromatograms of the volatiles  from both systems were

remarkedl.y similar (PAYNE, 1981), and the time-series data presented graphi-

cally ~n Figures 5-36A and 5-36B illustrate that essentially identical losses

of lower molecular weight compounds ranging from butane to xylene were ob-

tained for both the fresh oil and fresh mousse. The ddtd in Figure 5-36C,

however, show slightly longer retention of these compounds in mousse spread on

seawater in the absence of turbulence. One of the static (non-propeller
mixed) mousse systems (Tank 2) was also treated with Corexit 9527 immediately

.
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after the spill (Figure 5-36 D), but this apparently did not affect evaporation

loss compared to the nort-dispersant  treated control (Figure 5-36C) .

Figure 5-37 presents selected time-series glass capillary gas chro-

matographic profiles obtained on the fresh oil samples in the flow-throuqh

tank in the presence of turbulence (Tank 1). The sampling points in Figure

5-37 are for times of: 1 hour, 26 hours, 4 months and 6 months. Figure 5-38

presents the time-series gas chromatographic profiles obtained on the artlfi-

clally” generated mousse in the presence of turbulence at sampling times O, 30

hours” and 4 months (Tank 8). Very similar losses of the lower molecular

weight components below nC-9 appeared to have occurred in both the fresh 011

and artificial mousse- experiments however, sllghtly  longer retention ot’ lower

molecular weight components is suggested in the artificial mousse case whefl

examining the four month data (Figure 5-38C). Also, while only llmited or no

microbial degradation is suggested during the first 24 to 30-hour period, more

significant microbial utilization of the a~lphdtlCS as opposed to the branched

chain isoprenoids can be observed in the four month old samples from both the

fresh crude and artificially generated mousse. In the fresh oil plus turbu-

lence experiment, the nC-17/pristane and nC-18/phytane ratios dropped to 0.38

and 0.51, respectively after four months, and in the chromatogram  of the four

month old weathered mousse (Figure 5-38C) the nC-17/pristane and nC-18/phytane

ratios dropped to 0.75 and 0.92, respectively. The values for tnese ratios in

fresh Prudhoe Bay crude oil are 1.7 and 1.6, respectively. It should also De

noted that after four months of weathering

complex mixture had

tlon are even more

ple from the fresh

iflg the SUb-drCtiC

months old sample

increased s~gnificantly.

striking in Figure 5-3711

oil plus turbulence tank

summer months from June

in both systems, the unresolved

The effects of microbial degrada-

which presents the weathered sdlTI-

after 6 months of weathering dur-

throuqh Uctober, 1981. In the 6

(Figure 5-370) the isoprenoid  compounds, prlstane (Kovat

1710) and phytane (Kovat 1815) dominate all of the other resolved components.

Additional discussions of microbial degradation of surface oil are presented

in Sections 7.1 through 7.3.
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FIGURE 5-37. FL.4?’E IjVIZ.4TION DETECTOR CAPILLARY GAS CHROMATOGRAMS OBTAINED
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Eiisier comparisons of the relative retention .of the higher molecula

weiqht components can be made by examination of the computer generated time

series concentration profiles obtained from capillary FID gas chromatoqraphl

andlyses of the oil and mousse from the well-stirred tanks as shown in F~gur

5-39. Kovat indices for Tne compounds in each plot are identified in the fig

ures, and these data confirm that compounds in the range of’ nC-9 through nC-1

are preterentiall,y  retained in the mousse sample for longer periods of tln

(Figures 5-39A and C). Figures 5-40A and 5-40B show the time-series concentra

tlons of components with Kovat indices ranging from 1300 to 2000 for the o;

and artlflclally generated mousse samples, respectively. A similar relat’iv

increase in these higher molecular weight compound concentrations (in ug)

oil) is noted for both the oil and mousse after approximately 25 hours, ar

this is due to the removal of significant mass of the oil by evaporation c

the lower molecular weight components (compounds with mo”lec.ular  weiqhts abov

nC-15 dre not lost during this time frame). Absolute concentrations of tr

individual components in each of the mousse sample” plots (on a pg/g of mouss

basis) are lower than those of the fresh oil because of the additional mass c

seawater (80% by weight) in the water-in-ol”l  emulsions.

Thus

viscosity of

tive loss of

9 in the presence

the 80% water-in-oil

of turbulence In these studies, the highc

mousse did not significantly affect evapor~

the lower molecular weight components boiling below xylene, bl

some reduction in evaporation was noted for intermediate molecular’ weIgi

compounds (Kovat indices 800 to 11O(J) in the mousse. More significant differ

ences were noted in the amounts of oil and fresh mousse that were dissolvf

and dispersed into the water column due to the turbulent regimes, and l-abl

5-7 presents selected time series water column concentrations for the t~

systems. The three orders of magnitude difference between the fresh oil af

fresh mousse systems clearly reflects the latter’s resistance towdrds dissoll

tion and dispersion to droplets.

Figure 5-41 presents the glass cap-

time series oil samples from outdoor tank #5

]ldry gas ChrOITIdtO$jrdMS  on tl

from the Spring 1981 experiment
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MOLECULAR hIEIGHT  COMPONENTS REMAINING IN PRUDHOE BAY CRUDE
OIL AND MOUSSE WEATHERING UNDER SUB-ARCTIC CONDITIONS ON FLOW-
THROUGH SEAWATER ENCLOSURES AT KASITSNA  BAY, ALASKA. !(OVAT
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CRUDE AND TURBULENCE; C AND D-FRESH PQUDFiOE BAY !40USSE
TUR9ULANCE. TEMPERATURE AS IN FIGuRE 5-34.
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TIONS ARE AS IN FIGURE 5-34.
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TABLE 5-7. TIME-SERlt$ WATER COLUMN CONCENTRATIONS (ug/1) OF DISSOLVED AND hISPERSED HYDROCARBONS
FROPl FRESH PRUDHOE BAY CRUDE OIL AND MOUSSE WEATHERING ON FLOW-THROUGH SEAWATER ENCLOSURES
(TURBULENT REGIME ) AT KASITSNA BAY, ALASKA. (WATER TEMPERATURE 6“c, AIR TEMPERATURE
6-13°C). CONCENTRATIONS DETERMINED BY CAPILLARY TEMPERATURE-PROGRAMMED FIO GAS CHROMATOGRAPHY.

Fresh 011 0 hrs 1 hrs 7.5 hrs 26 hrs 53 hrs

Resolved Components 7200 4740 1400 10HO+ 659

Unresolved Complex Mixture 3140 1460 420 447 114

Fresh tlousse* O hrs 1 hrs 6 hrs 19 hrs 30 hrs 45 hrs 100 hrs

Resolved Components 23 7 29 18 10 24 34

Unresolved Complex M~xtwe No ND 12 45 37 69 59
I

m
&W

*Water colmn concentrations corrected for
total oil volume added as “mousse.”

ND = none detected

tposslhly  due to excessive 011 droplet entrainment



FIGURE 5-41. FLAME IONIZATION DETECTOF! CAPILLARY GAS CHRO!?ATOGRAP?S OBTAINED
ON PRUDHOE BAY CRUDE OIL PLUS CO!?EXIT (OIL:COREXIT = 2!):1)
!*!EATHER;NG  I!l THE PRESENCE OF PQOPELLER D?!I’YEN TURBULENCE 1!1 THE
OUTPOOR FLObJ-THROUGH  AQUARIA (TANK 45) AT KASITSNA BAY, A~4s~4&
TIPIE-SEZIES SAMPLING POINTS AFTER THE “SPILL1’ :
(B) 23 HOURS: (C) 4 NOI!TF!S.

(A) 1 HOURS;
CHROYATOGRAM D WAS OBTAINED OP! THF

POLAR (F3) FRACTION OBTL,IPJED  Fqo!.! ~;i ACIDIFIED \IJATER COLUMN
SAF’PLE .AF-E2 d MONTHS OF IN SITU ‘lEATHERItiG.



(fresh oil plus Corexit, 20:1, in the presence of

included to allow direct comparison to the fresh

turbulence). These data are

oil plus turbulence experi-

ment in tank #1 over the same time frame as shown in Figure 5-37. As In the

non Corex?t fresh oil experiment, tfie most effective inltlal weiithering mechan-

ism was due to evaporation as compounds below Kovat Indices 1000 were clearly

lost during the first 24 hours.

tracts from this tank, however,

into the water column occurred as

Visual observation of the water column ex-

also indicated that enhanced removal of’ oli

a result of the dispersant.

As noted above, tne tanks were maintained in a flow-through condition

during the period of April to October 1981 to allow indigenous microbial popu-

lations to be fully operative, and Figure 5-41C shows the chromatographic  pro-

files obtained on the Corexit treated oil after 4 months of weathering. Inter-

estingly, the chromatogram is nearly identical to the chromatogram  in Figure

5-38C, the patchy mousse from stirred Tank 1 which was not treated with

Corexit in April. As in the other case, most of the components below nC-14

have been removed by evaporation and dissolution processes during the warmer

summer months, and the change in the nC-17/pristane and nC-1~/phytane  ratios

to values of 1.1 and 1.0, respectively, illustrates the effects of microbial

degradation. Surprisingly, the decrease in these ratios is not as great as

that observed for Tank 1, although this is quite possibly due to the fact thdt

the 011 sample from Tank 5 was scraped from the side of the tank and not taken

from the water surface. Unfortunately, some time durinq the four month

weathering period between April and July, the water level in Tank 5 increased

and overflowed and much of the oil was lost. After the water level was re-

turned to the appropriate height in the outdoor tank, the stranded 011 was

then not subject to additional degradation from water-borne micro-organisms.

This observation is in line with similar findings by BLUMEI? et al.

(1973) where they studied stranded oil on intertidal rocks from the beaches of

Bermuda. In their studies, oil which was stranded in the upper intertlddl

zones away from the water showed only limited degradation due to bacterial

processes, and weathering was limited to evaporation and photo-oxidation.
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The chromatogram in Figure 5-41D shows the water column extract of

tpe aromatic fraction under the oil after 4 months of weathering during th~

spring and summer months. Because the tank overflowed sometime during that

period, It might a priori be expected that more of the water soluble compo-

nents would be lost due to air-sea exchange. Furthermore, since the tank:

were maintained in “a flow-through condition during this period, removal 01. .
water soluble components by advection might be anticipated. .There. are still

significant levels of aromatic components remaining in the w~ter column over
this time period, although the lower molecular weight aromatics fr’om benzen~

through naphthalene have been removed.

As noted in above, additional time series (up to 150 hours) sample:

and chromatograms were obtained on the other outside tank experiments showr

schematica~ly  in Figure 5--34. Some of these tank experiments are considere{

117 Section 7.0 which deals with longer term m~crobial degradation results.

5.4 AMBIENT SUB-ARCTIC WAVE TANK EXPERIMENTS AT KASITSNA BAY

5.4.1 Introduction

As noted in the previous section (5.3), the outdoor microbial! degrada.

tion tanks were utilized for initial evaporation/dissolution experiments dur

ing the Spring 1981 Kasitsna Bay program where turbulence was induced vii

propeller mixing. Even with this approacn, however, the turbulence regime way

not entirely satisfactory”, and it dld not closely approximate that which WOUI{

be observed in open ocean oil spill situations. Therefore, to quantify mor-

ndtural chdnges to oil in a subarctic marine environment, four continuous

flowing outdoor wave tanks were constructed at Kasitsna Bay during the Summe

1981 and 1!482 Field Progrdms. These wave tanks were used to study the physl

cal and chemical changes caused by evaporation, dissolution, water-in-oi

emulsification, photo-oxidation, and microbial degradation under more realis

tlc environmental conditions during all subarctic weather seasons.
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The

simulate oil

wave tanks dnd the flow-through seawater system were designed to

moving over a constantly regenerating water column, as would be

encountered during wind-driven drift of a slick. In this instance, however,

the tanks served to “corral” the oil, and the seawater was “moved” beneath It

by a flowing seawater system which ensured each 2,800 Ilter tank had a turn-

over time of one tank volume every three hours. Turbulence was introduced

into the tanks by paddle wheels at the water input end of the tanks, and water

was removed from the center of the tanks by a discharge pipe whose orifice was

2 to 3 centimeters (cm) from the bottom.

These sections (5.4.2 to 5.4.6) describe the wave

and utilization and present the results of triplicate

tank construction

determinations of

changes in oil behavior due to alterations in its theological properties w?th

weathering. Time-series data are presented for changes ?n: 011 density,

percent water incorporated during water-in-oil emulsification, oil/air lnter-

facial surface tension, oil/water interfaclal surface tension, and oil viscos-

ity. Sections 5.4.7 and 5.4.8 present the results of triplicate component-

specific concentration measurements in the 011 and water column as a function

of time. These data are then compared with computer-based oll-weathering

model predictions in Section 5.5).

5.4.2 Wave Tank Construction

Four

facility to al

under ambient

flow-through wave tanks

low replicate evaluations

Sub-Arctic conditions.

were constructed at the Kasitsna Bay

of the fate of an open ocean oil spill

The wave tanks were fabricated using

3/4” AC exterior

resin, and sealed

dimensions of one

to water pressure

plywood, glued at every joint, painted with 2-part epoxy

with silicone sealant (Figure 5-42). Figure 5-43 shows the

2800 liter wave tank. To prevent buckling of the sides due

from the filled tank, five sets of braces (constructed of 2

x 4 lumber and secured with bolts) were installed on each tank.

Seawater for the wave tank system was provided by a submersible pump

located approximately 10 ft below low, low tide In Kasitsna Bay. The sea-
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water lines were insulated to prevent freezing and buried in the intert?ddl

zone to avoid damage from storms (Figure 5-44). During insulation of the

seawater system, the wave tank construction was completed and paddle wheels

were fabricated of three-quarter inch exterior plywood

generation In the tanks (Figure 5-45). Paddle wheels

sealed. Each paddle wheel was four feet in diameter

equally spaced paddles. The paddle wheels were placed at

(Figure 5-46 and 5-47), and a 60 inch platform was built
.

for wave turbulence

were not painted or

and contained eight

one end ot the tanks

on each side of the

tank to support the hearings. The drive shaft was attached to the wheel with

a SIX bolt plate.

To drive the paddle wheel, a double wide chain drive mechanism was

used. A 39-tooth gear was attached to the 1 1/4” diameter dr?ve shaft, and

the drive motor had a 14-tooth gear (Figure 5-48). The characteristics of the

electric motor are listed below:

Balor Industri~l  Motor

Single Phase

Spec 3!5C 13-157

Serial F186

1 ti.P. .

1725 RPM

Hz 60

pH 1

DES L

P.F. 68%

Rated @ 40°C ambient continuous use

V.L. 3510 Catalog Number

Frame 56C ~

280 V-230V/’ll5V

14.6/6.2 amps

Ser F 1.15

Class BC

Code K

Full Load Efficiency 67%

The m o t o r  w a s  mbunted  t r a n s v e r s e  t o  t h e  s h a f t  and a gear box w&s

attached to the motor to achieve the desired paddle wheel rotational speed of

11 RPM.

Electrical power was supplied

cable) through four inch ABS pipe.

by 220V power llnes (Romex underground

Each wave t~nk motor was individually

powered and had its own circuit breaker.
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Figure 5.44. Burial Iof ‘nsti!ated seawater lines dnd electrical cdble. for t h e
submersible pump stipp~ylng  seawater to ttie wave tank system.

Figure 5-45. C.2nscr.ctlon ‘3f plywood Odddle wt?t?els  rlurlng
installation.

~d~e tdrlk
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Figure 5-46. Installation of paddle wheels and vertical seawdter dell very
lines. The seawater source line can be observed in the foreground on the 4 x
8 timbers supporting the wave tank systeins.

8

Figure 5-47. Support braces used to secure the wave tanks.
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Figure
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Figure
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5-48. One
the paddle

/AF 2 <.ii& _= .,..

h o r s e p o w e r  e l e c t r i c a l  m o t o r  a n d  g e a r  d r i v e  m e c h a n i s m  u s e d  t o
wheel s.

5-49. Wervlew of tne ‘wave tank systems after completion (photographed
oil weathering experiments).
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Figure 5=49 shows an overview of the completed system, and Figure

5-50 presents a flow diagram for seawater delivery and discharge. Water was

pumped into the wave tank area and entered the distribution system vid 1 lj2°

flexible black pipe. The remainder of the delivery system was made of 1 1/2’

white PVC tubing. All incoming lines were either glued or secured tight witl

worm clamps. Seawater was distributed along a horizontal feed line with verti-

c~l delivery llnes controlled by ball valves behind each paddle wheel (Figur~

5-51). Each ball valve was a full bore type valve seated in Teflon with i

full range adjustable control, from complete stop to a full-open position,

There were five vertical exit points that were valve controlled. The first

went to a wash stand for cleaning glass carboys and the remaining “four sup.

plied the wave tanks. With a tank volume of -2800 liters and a flow rate 01

15-16 l/rein, there was a complete tank-volume turnover everythree hours. T{

prevent back siphoning, in the event of pump failure, the vertical dellver~

llnes did not extend below the surface of the water in the tanks (see Figur(

5-50).

The level of the water inside the wave tanks

through a self-regulating siphoning exit tube placed 28

of the tank. F~gure 5-52 presents a flow diagram for

was maintained at 28’

inches from the bettor

the siphoning pipe an(

Figure 5-53 shows the arrangement of the discharge siphon on the outside o“

one tank. Basically, there 1s a tee on the inside of the tank with a stant

pipe that extends to within two inches of the tank bottom. This allows Onl.

water from the

removal of any

mass balance.

the upper edge

deepest part of the tank to overflow, and thereby, prevent

oil diectly from the surface, which wou”ld affect the overal

Another standpipe extents from the tee to a point well abov

of

unwanted slphonlng

w~s interrupted.

diversion so that

the tank (Figure 5-52) and serves as a vent to prevent an,

which would otherwise drain the tank if input seawater flo

The exit pipes on the exterior of the tanks have a built 1

flow measurements can be made with relative ease (Flgur

5-53). The exiting water collects in a 2“ PVC pipe (that runs the wld~h o

all four wave tdnks) which is also vented to prevent the creation of anothe

siphon (Figures 5-50 and 5-54). The outflowing water is then discharged ont

K~sitsna Bay.
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Figure 5-52. Arrangement of the self-regulating overflow siphon
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Figure 5-53. Wave tank overflow sypnon syste~ on :he outside of wave tank 4.
The PVC plug on bottom of the uppermost  “T” :jn b? remoyed for Cank-discnarge
flow-rate determinations.
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Ha

ds sdmpllng

the bottom

f inch stainless steel

ports, 6 inches below

of the wave tank (see

located 52 inches from the end of the tank, opposite the paddle wheel.

Swagelock  bulkhead fittings were lnstallec

the surface of the water and b inches dbov
Figure 5-43). These sampling ports wer

5.4*3 SPM Master Reservoir Construction

A bifurcated tdnk was built fOr “the purpose of contlnously feedln

the primary wave tanks with water containing elev~ted levels of suspende

particulate matter. Figure 5-55 presents the dimensions of the M~ster SF

resevolr tank. The tank was constructed, primarily, of 3/4” AC exterior ply

wood , which w~s sealed with 2- part epoxy resin.

Seawater was supplied to the 175 liter reservoirs from the submerge

pump via a divert valve in the overall wave tank delivery system (Flgur

5-56)0 Appropri~te weighed amounts of sediment were added to the reservoir

and suspended by propeller action mixing from mounted stir motors (Figure 5-!

and 5-58). The stir motors used were TAMCO chemical mixers with specifics

tlons shown below:

Model 2M034 AC/DC Motor

115V, 1/15 H.P. 0-5000 RPM

Seawater, containing elevated levels of SPM, was delivered from tt

resevoirs to the wave tanks via Teflon tubing which terminated at the paddl

wheel end of tanks 1 and 2. Inside the resevolr, a short piece of Teflon tuk

was connected to a bulkhead fitting, and the intake end was fastened to

flodt ( F i g u r e  5-58). A t t a c h i n g  t h e  i n t a k e  t o  a  f l o a t  i n s u r e d  t h a t  the fe~

would maintain a fixed position (constant head) below the surface of the watt

dt all times. Also, a screen was placed around the intake to prevent cloggir

of the lines by “large particles.
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Fl(JUre 5-56. B~f~r~ated spM ~ese~volr  sh~~ln; j“-,”,  - “ .’. - :IJ suspend
p a r t i c u l a t e  !ndterld]  and the seawdter fees !’r.e ‘.:- J+”’ ‘ “-’ .2$ !.ne 5PM

reservoir systsm. The ~dnK f\OW~ef]on ]In~s atCdCTI@ ‘-’) ‘, ~!: “’ “ , “ :Fl+
directly lntO wave tdnks 1 and 2.
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Initially, water from the .SPM reservoirs was gravity fed to the wav

tanks, and the desired flow was achieved by constricting the tubing with

them-clamp. In later experiments, flow was controlled with peristaltic pumps.

5.4.4 Wave Tank Water Column Sampling and Extraction

In order to monitor the concentration of dissolved and disperse

hydrocarbons in the water colunin beneath the spilled oil ~n the wave tanks, 2

l?ter bulk water samples were Col}ected  according to the following schedule

At O minutes, 5 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, 2

hours, 48 hours, 3 days, 6 days, 9 days, 12 days, 4 months, 9 months, and 1

months after a spill of 16 liters of Prudhoe Bay crude 011.

Figure 5-59 presents a diagram of the sampling procedure. Seawate

s~mples were obtained through a

water surface and 52 Inches from

A vacuum pump was used to pull

sampling port located six inches below th

the quiescent end ot the tank (Figure 5-60)

the water through Tetlon tubing to a filte

dppdrdtus  and then into a 20 l~ter glass carboy (Figure 5-61). To avoid pos

slble contamination, all sampling equipment was constructed of only Teflon

glass, or stainless steel. To ensure that only truly dissolved cornpunds wer

sdmpled, and to obtain values for dispersed/particle bound oil, the water wa

filtered through pre-kilned  0.45um glass fiber filters. The f~lter appar~tu

used w~s a 293 mm diameter Mill ipore manifo”ld.

Once sampled, the water was extracted according to the tollowln

scheme. The pH was adjust to 2 using Hydrochloric acid, and 500 mls of CH2C1

were added and stirred vigorously for two minutes. ‘he CH2C’2 ‘as ‘he
forced, through stainless steel tubing using pressurized N2, Into a separator

funnel . This extr~ctlon  was repeated two more times using 250 mls ot CH2C12

and the separator funnel containing the combined CH2C12 extrdcts  w~s tne

used for phys~cal removal of water, with the organic phase being dellvere

into a round bottom flask.
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Figure 5-59. Water Column and Dispersed/Particle Bound Oil Sampling Diagram



Flqure 5.60. Subsurface sampllng of seawater vld Teflon transfer llne
attached to stainless steel bulkhead fittlnq dpproxlmately 6“ below tne
dir/sea Interface.
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Figure 5-61. Filter/carboy collection system
particulate material/dispersed oil and dissolved
water system.

used for sdmpllng suspended
hydrocarbon components in the

Fjgure 5-62. Removal of the 293 ma diameter 0.45 micrometer glass fiber
filter for SPM/particu~ate  material determinations.
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Extract concentration was completed by

and final Pre-Injection Volume (PIV) adjustments

stream of N2 over the sample. The extracts were

Kurderna-Danish evaporation

were completed by passing L

then transferred into crln?~

top vials for immediate analysis by FID-GC at- Kasitsna Bay. Spike/recovePJ

experiments completed at Kasitsna Bay using a variety of dliphatic and aro-

mat~c standards demonstrated an extraction efficiency of better than 70% for

most of the components of interest.

5.4.5 Particulate Sampling and Extraction

.The level of adsorption of oil by various types of suspended particu-

late matter and the amount of dispersion of discreet oll droplets was measurw

by extraction and analysis of the 0.45um glass fiber filters used in line wltt

the water sampling-method. Thus, for each “dissolved” water sample collected

an accompanying particulate phase sample was obtained (Figures 5-62 and 5-63)

Filters were either extracted and analyzed immediately at Kasitsna Bay 01

folded into pre-cleaned aluminum foil and frozen until extraction in La Jolla.

Extraction of the filter pads was accomplished using the follow?n~

procedure. The filters were cut into small pieces and placed Into a 1000 m

round bottom flask. To remove water, 100 mls of CH30H were added and retluxet

with the sample for 15 minutes. The CH30H was then decanted into a Seprator;

funnel . Next, 200 ‘1 s ‘f C H2 C’ 2 were added to the round bottom flask an[

refluxed for 30 minutes. The reflux with 200 mls of fresh CH2C12 was re

peated, and all extracts were decanted and combined into the separator fun

nel. In order to remove the CH3UH from the extract, 200 mls of 3% NaCl wate

were added to the sepratory funnel. The CH2C12 layer was then delivered intl

a round bottom flask, and the remaining aqueous phase was back extracted wlt

25 mls of CH2C12 three times. This back extract was also delivered Into th

round bottom flask. Spike-recovery experiments with .311phdtlC and aromati

standards showed extraction efficiency to be approximately 70%.
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Figure 5-63. Closeup of suspended particulate mater?al  Isolated for
hydrocarbon analyses froa wave tank 1, 24 hours after initiation of the Spill.
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The filter extracts

followed by passing a stream

obtained. The extracts were

were then reduced In volume by KD evaporatlo

of N2 over the sample until the desired PIV wa

then transferred to crimp top vials for analysl

by FID-GC.

5.4.6 Observations from Kasitsna Bay Wave Tank Oil Weathering Experiment
and 011 Physical Properties Determinations

The first wave-tank oil weathering experiments were Initiated i

triplicate in July 1982. In monitoring oil weathering behavior during th

summer of 1982, essentially identical changes were observed in all thre

tanks. After four montns of ambient weathering, some differences were note

in the tanks, and these will be considered later in this section. In the fol

lowing discussion, however, the appearance of the slick in wave tank 1 onl

will be considered as it was representative of what was observed in each c

the tanks during the initial 4 month weathering period. At the initiation o

the spill the alr temperature was 55°F (13”C) and the water temperature wa

llUC* During the first 12 days of the experiment the air temperature rema?ne

fairly constant during the day, and daylight extended from approximately (I4C

hours to 2200 hours. Oil subsamples  were obtained immediately before eac

spill , and then chemical and theological properties determinations were con

pleted as a function of time as described earlier.

Figure 5-64 shows the wave turbulence at time zero before initiatlc

of the spill. With the paddle wheel and wave tank configuration as describe

in the previous section, four to six inch standing waves and breakinq wa~

turbulence due to backwash at the end of the tank were established. Prior t

initiation of any oil/wave tank experiments, the seawater system and tank

were allowed to flush for two weeks with paddle wheel turbulence, and seawat~

blanks analyzed before initiation of oil weathering experiments showed f

ev?dence  of significant levels of phthalates,plasticizers or other petrole~

like components.
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Figure 5-64. Time zero wave turbulence in wave tank 1 before initiation of a
16 liter spill of fresh Prudme Bay crude oil in JUIY 1982.
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The spill in Wave Tank 1 was initiated by addition of 16 1 of fresh

Prudhoe Bay crude oil on July 11, 1982 (Figure 5-65). Figure 5-66 shows the

appearance of the oil slick five minutes after the initiation of the spill.
Sheen can be seen eminating from the edqe of the surface oil/open water inter-

face, and the oil was noted to immediately stain the sides of the wave tank,

After approximately 15 minutes the oil was effectively corraled toward the end

of the tank, and an irregular discontinuity between the surface oil and open

water was observed to migrate from as far as two meters to as close as one

meter to the paddle wheel generating the wave” turbulence. Sea state estimates

indicated the wave turbulence was similar to that which might be expected from

a 2 knot wind. Tables 5-8 and 5-9 and Figure 5-67 present oil/water and

o~l/air interracial surface tensions and other physical properties data from

the oil measured during the wave tank experiments.

Approximately eight hours Into the spill, the oil viscosity had in-

creased from approximately 30 to 100 centipoise as measured in a 38°C constant

temperature bath housed within the main laboratory. With this increasing

viscosity and approximately 0.1 percent water content, the oil took on a stiff-

er appearance and dispersion of oil droplets into the water was noted to be

slightly reduced (Figure 5-68). Figure 5-69 presents the oil after 24 hours

of initital weathering. At this time the 38° constant temperature viscosity

had lncre~sed to 360 centipoise, and the density had increased from 0.885 to

0.953 g/ml. Water content at this time was determined to be 18%. Significant

bubble furmation  from alr entrapment or degasing of low molecular weight hydro-

carbons was noted in all of the slicks during these and other flow through oil

weathering experiments where turbulence was induced by electric stirs (Figures

5-69 and 5-70).

After three days the oil viscosity was approaching 1000 centipose and

water content in “the water-in-oil emulsion was nearing 34%. At that time

significant color alterations were noted in the slick, and the oil was thick

enough to allow water droplets to accumulate on top of the oil surface due to

breaking wave turbulence (Figure 5-71). After nine days (Figure 5-72) the 011
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Figure 5-65. Maw tank 1 spill initiation, July 11, 1982.
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Figure 5-66. Appearance of surface oil five minutes after the initiation of a
spTll of fresh Prudhoe Bay crude oil. Note: 4 to 6 Inch standing wave
appearance for height magnitude and lack of clearly defined surface oil/open
water discontinuity.
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Table 5-8. Mater/Oil and Oil/Air Interracial Tensions (dynes/cm)

.

W ter/Oi I

[)il/Air

. .

1 imc 1) 1 Imur 2 hnurs 12 hour% ?4 hours

1.

2 dd.ys 6 (id,yS
AV(!/C,lI’i Awjsrl Avl?fsfl Ave/W Ave/SI) AvG/W Ave/Sl)

. .- . -- . . . . . . . . . . . . - - . .- -- .- . . -— . ..- . . . . —.. . . . . . . .

21-J 25.4/4.1 22.2/6.1 21.5/3.8 21.9/.60 15.4/3.0 14.4/2.4

34.3 33.5/.42 33.[1/.50 33.5/1.6 33.4/1.5 33.3/1.6 M.n/l.5

. . --- . - . - . . - -. .- -. . - .- ..- --- .— . . ---- ---—-—— .—. -—- .-—

a - Aw indic,}te~ the averaqe valIIc iInd SO indicates the standard dwiation

from Nave Tanks #l-3

9 days

11.

12 days 4 months
AvPISO Ave/Sh Ave/Srl

------------ ----——- . ..---.— ---

12.?/1.9 11.9/.75 12.7/1.6

34.9/1.3 35.6/.30 37.8/.10

..- . . . —--- . —— —._—

Table 5-9. Physical Properties of 011 from lJave

I)wsily (i//Jill)

khtfw  Clultf!llt  (’x

[ ium O
Ave/W$
. . . . . . .

. fm!j

.054/.025

.10/.0(.)1

. . . . —-.

4 hours
Ave/S13
. .. ---- ---

.93n/.oo8

.15 -

. 55/.33

-.— —--

n hours
Avf/sn
----- ..-.

932/.(317

093 -

1.0/.60
---- - . . --

12 hours
Ave/Wl

. ------ ----

%l?/.olf)

. 22/ .09

1.6/.110
.- .,-.  . . . . .

24 hews
Ave/SO

—. --—-

Tanks #l-4

2 days

I

6 days
AvelSD Ave/5D

—. - -—-- -— .——-

!.953/.006 .931/.029 .926/.010

18.0/8.0 34.0/14.0 50.0/9.8

3.6/2.2 9.2/1.6 22.7/1.?

-—-- — - — .- .- -- ------- —

a - Ave indicates lhe ,lvw,]qc v,Iiue  and S8 indicalps the standard deviation

9 days
Ave/SD

-. ----—

.928

51.0/4.4

31.1/2.1
.— ———

12 [iays
Ave/SO
-———

932/.032

55.0/2.9

34.3/8.3

. -------- .—

4 months
Ave/SO
.—

.9061.007

54.9/4.9

i6,000/290
--- —_--—-

9 months
Ave/SO

,-—— —-.

13.3/.92

38.3/.07

— - - -

9 months
AvelSD

—  -—

.987/.006
bna

211,000J500
-—--_——-

0

12 months
Ave/Sl)

—-— .—— -

.986/.005

na

ndc

.-_ -.-—. ,--

h - na indicates “not analymd

(- mI indicates “not dotorwinahle”  due to the nonhomoqencity  of the sample
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Figure 5-68. Appearance of the su;face oil eight hours after the lnltlation
of fresh Prudtwe Bay crude oil spill Tn wave tank 1 (7/11/82). The surface
Oil/open water discontinuity is becoming more detlned dlthough patches of 011
were still notd to break away fran the leading edge of the slick and approach

t h e  paddle Weel to w i t h i n  a  d i s t a n c e  o f  u.? m e t e r s .

Figure 5-69. Appearance of the surface oil In wave tank 1 twenty-four nours
after the spill. The surface oil/open water discontinuity is becoming well
defined and significant quantities of air bubbles.  are noted in ttw surface

Sllck.
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quiescent end of the waveFigure 5-70. closeup of thick surface slick at the
tank twenty-four hours post spill. Significant quantities of entrapped air
are observed as bubbles cover the entire slick surface.
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Fjgure 5-73. Surface otl/open water discontinuity 12 days post spll!. Note
the sheen emanating from the oil surface and the mosaic pattern in the ‘
background of the figure.

Figure 5-74. Mosaic pattern of 011 patches at the quiescent end of the wave
tank 12 days post SP1ll.
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Figure 5-75. Appearance of tarballs  in wave tank Z, approximately four months
post spill. At this time wave tanks 1, 2, and 3 all exhibited similar tarball
fo~mation with the larger tarballs being surrounded by a Saturn-llke ring
suggesting the adherence of oil to the central site” of nucleation during
tarball growth.

Figure 5-76. Closeup of tarballs  In wave tank 1 at four montns post SPII1.
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tanks 2 and 3 after 8.5 months of ambient subarctic weathering. During March”

1983, the ambient temperature was still quite cold (10”C} and there was consid-

erable snow covering the area (Figure 5-77). After 8.5 months of weathering

several significant differences were noted in the oil behavior in wave tanks 2

and 3. Wave tank 2 was characterized by discreet tarballs ranging in size

from four to 10 cm (Figures 5-78 and 5-79) with only a slight amount of float-

?ng oil or flakes of oil-like material observed adjacent to the major oil

tarballs. In tank 3 however, the tarballs were surrounded by a significant

amount of a syrupy oil mat {Figures 5-80 and 5-81) which showed considerable

evidence of microbial degradation after analysis by capillary flame iunizatlon
gas chromatography, as discussed in the following sections (5.4.7 and 7.0).

At the nine mo~th point in oil weathering, the density and percent water con-

tent of the water-jn-oil  emulsion (or mousse) generating the tarballs had not

significantly changed from the four month values; however, the constant temper-

ature (38°) viscosity had increased to 2.8 million centipoise. Interestingly,

when tarballs  were removed from the tank as “shown by Figures 5-82 through

5-85, the tertiary structure of the tarballs was observed to be destroyed

after approximately one hour, and the mousse appeared to melt into a continu-

ous mass. No significant separation of oil and water was observed, however,

even after standjng at 38°C for over 24 hours.

Twelve months after initiation of the original spills In wave tanks 2

and 3, the Kasitsna Bay Laboratory was reoccupied, and additional measurements

were made. Figure 5-86 shows an overview of the tanks at this time, and sig-

nificant differences in the amount of oil present in wave tanks 2 and 3 can be

observed. Substantial amounts of oil-covered algae were present in wave tank

2 (Figure 5-87}, and these appeared as darker patches in the syrupy oil mat

which still covered -40-50 percent of the tank (Figure 5-88]. No significant

amount of visible sheen was observed at the surface oil/open water discontinu-

ity (Figure 5-89), and the oil itself appeared to be extremely we?] weathered

(as later determined by capi 1 lary gas chromatography). Darker patches were

observed in the oil (Figures 5-87 and 5-90), and analysis of this material

showed it to be primarily algae which had presumably been Introduced  by the
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Figure 5-77. Overview of the wave tank systems in March, 1983.

Figure 5-78. Closeup of tari)alls at the quiescent end of wave tank 2, 8.5
months post Spill. Note the 5-10 millimeter size flakes adjacent to the
larger balls.
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Figure 5-79. Overview of wave tank 2, 8.5 months after sPill initiation.
Note the appearance of oil flakes sloughing at the main tarball surfaces and
the lack of attached oil rlnqs surrounding each tarball.
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Figure 5-80. Tarballs and 1-2 cm flakes of more heavily weathered
m~crobially deqraded  oil in wave tank 3,.8.5 months post spill.

Figure 5-81. Appearance of the tarbal?s
surrounding tarballs at the quiescent end of

and

and oil/water sauce mixture
wave tank 3, 8.5 months post

spill. 5-110
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Figure %82. Observations of the behavior
3 in March, 1983.

of tarbal 1s isolated from wave tank

Figure 5-83. Signi f~cant thawl ng is noted over a 3C1-ininute period.
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Figure 5-84. Thawing of tarballs at 21°C from wave tank 3 approximately 40
minutes after collection.

F i g u r e  !5-85. Tarballs a p p r o x i m a t e l y  t w o hours after collection that had
melted to form a continuous water-in-oil emulslon. No oil/water separation
was noted; however, the physical structure of the tarball Is clearly
temperature controlled.
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Figure 5-86. Overview of the wave tank system, 13 months after spill
initiation. Significant differences in the amount of surface oil remaining
can be observed in wave tanks 2 and 3. The wave tank 1 experiment had been
terminated at the time of this Dhotoqraoh.

Figure !5-87. C’
spill.

oseup of 011 entrained algae from wave tank 2, 13 months post
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Figure 5-88. Appearance of the surface oil mat and algae in wave tank 2, 13
months after spill initiation. Note the significant absence of tarballs
observed during the winter period and the ‘continuous mat of heavily degraded
oil.
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Figure 5-89. Surface oil n?at/open water discontinuity in wave tank 2,. 13
months ~St SPl~?. The oil is characterized as discreet 1-2 cm flakes and oil
droplets and significant sheen is no longer observed emanating from  the

material.

Figure %go. Closeup of the quiescent end af wave tank 2, 13 months post
spill. Darker patches were found to be ~lqae.
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constant inflow of seawater or released from the algae grdwing on the tan

sides and the paddle wheel . Wave tank 3, after 13 months of ambient weather

irig, showed significantly less oil, and what did” remain, appeared  to be dis

creet tarballs as shown in Figures 5-91 through 5-94. Note the appearance o

significant amounts of green algae and other debris in the tank in add~tlon t

the 2-3 mm sized’ tarballs themselves. Viscosity measurements could not bl

obtained at this time due to limitations of the viscomiter ilnd the fact tha:

ificorporation

ncWi-Newtonian

tarballs were

WINTER SEASON

of water and air pockets (micelle) had rendered the sample to i

fluid (Fjgure 5-95). On standing in the surilight, however, th[

again observed to “melt” and flow readily.

WAVE TANK EXPERIMENTS

This section presents observations of oil weathering behavior durln!

the spill initiated under winter conditions (air temperature -1 to -5”C, watel

temperature 3.5”C). As noted earlier, the wave tank 1 experiment initiatef

during July 1982 was terminated in November, and after cleaning the tank, t

new spill herein designated as wave tank 4 was initiated on November 2, 1982

Note that in the following figures the notation hlave Tank 1 is used, as th(
#

tanks were numbered sequentially during construction. For discussion pur-

poses, however, wave tank experiment 4 should be considered as the winter

experiment.

The air temperature at the initiation of the spill was -2”C, anf

several significant differences were noted. in comparison with the oil behavior

during the warmer summer months. Initial dispersed oil concentrations wer[

observed to rise during the first eight hours; however, the significantly

higher viscosity of the oi~ inhibited dispersion of larger (cm sized) oil

droplets. Viscosity increases to upwards of 2200 centipoise were noted after

as llttle as eight hours and the formation of colored sheen appeared to b(

inhibited somewhat under the colder conditions (Figures 5-96 to 5-98). Twentj

four hours post spill, a very clear discontinuity between the surface oil anc

open water phases could be noted as shown in Figure 5-99. The discontinuit~

was even more pronounced forty-eight hours after the spill (Figure 5-100).
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Figure 5-91. Overview of wave tank 3, 13 months post spill. Most of the oil
in this tank was remov~ at this point, and the oil was characterized as 1O-2O
cm tarballs with significant amounts of algae and a white, foamy material.



Figure 5-92. Closeup side view 07 tarbal Is and white, foamy degradation
material and algae at the quiescent end of wave tank 3, 13 months after sPill
initiation.
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Figure 5-93. Fifteen centimeter tarball isolated from wave tank 3.
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Figure 5-94. Closeup of a tarball surrounded by algae in wave t~nk 3, 13
months post spill.

,

Figure 5-95. Closeup of a tarball from wave tank 3, 13 months post Spill
showing encapsulated alr pockets and initiation of “melting” behavior during
warming on surface plate. 5-120



Figure 5-96. Initiation of the winter wave tank spill #4 in wave tank 1 in
November, 1982. Wave tank turbulence before spill initiation.

Figure 5-97. Addition of 16.0 1 of Prudhoe Bay crude oil fturlng spill
initiation.

5.1~1



Figure 5-98. Appearance of the winter-spill surface sl~ck f~ve minutes post
spill. A significantly greater discont~nuity between the surface oil and open
water was observed during the winter spill conditions compared to the summer
spill conditions observed in July, 1982.

Figure 5-99. Surface oil/open water discontinuity 24 nours post

5-122
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Figure 5- I.011. Surface oiljopen water d~scontinuity  from winter wave tank
SPI1l experiment 4 (Wave tank 1) 48 hours post SP1ll.
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The oil viscosity four days into the spill was observed to be approxi

mately 9000 centipoise, and water column dispersed and dissolved oil concentra

tlons were observed to be significantly less than those observed during th

summer period.

When the laboratory” was reoccupied in March 1983, the oil in wav

tank 1 had been undergoing open ocean subarctic weathering under winter condi

tlons for 4.5 months. At that time, interestingly, there was no evidence o

the discreet tarball formation as observed during the summer/fall weather~n

period Figures 5-101 and 5-102). More detailed analyses of the tarballs re

maining in wave tanks 2 and 3 showed that many of them had formed around site

of nucleation such as leaves or other debris which may

tank in the fall. A similar nucleation phenomona was

IXTOC I blowout in the Gulf of Mexico (PAYNE, 1981) where

of mousse aggregates were noted to accumulate on sugar

have blown into th

observed during th

significant portion

cane stock or othe

debris present at the time of that spill. Interestingly, Figure 5-103 shok

significant amounts of silver and lightly colored sheen still eminating frc

the water-in-oil emulsion in wave tank 1 after 4.5 months, and the quiescien

end of tank was characterized by a thick mat-like oil coating which was nc

subject to significant turbulence

Under these conditions,

or mixing.

it is quite probable that loss of material

in the oil due to either evaporation or dissolution would be diffusion cor

trolled, thus contributing to their longer lifetime in the slick. As tr

ambient temperature started to increase in the spring, these materials wer

then slowly released causing the observed sheen long after it had disappear

in the summer spills after a similar time period. The lower temperature whi[

concomitantly increases viscosity would also inhibit the more signlficaf

dispersion of cm sized whole oil droplets as noted during the summer perioi

These observations will be discussed further in the following sections where”

oil weathering model verification is undertaken using the observed chemici

and theological (physical) properties data and measurements of dispersed o’

concentrations in the water in the four experimental systems.
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Figure 5-1oI. Appearance of
after sp~ll initiation over
formation.

spill #4 (wave tank 1) surface 011 4.5 months
winter period. Note the absence of tarball

Figure 5-102. Appearance of the open and closing leads and oil mat at the
quiescent end of the wave tank from the winter spill experiment.
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Figure 5-103. Closeup of the surface oil/open water interface from the winter
spill study, 4.5 months after spill initiation. Considerable sheen can still
be observed emanating from the oil patches and this was not observed In tne
summer spill conditions after this time period. The presence of low molecular
weight components was still indicated at this time by gas chromatograpnic
analyses, and these components presumably contribute to the higher levels of
observed sheen compared to the summer spill.
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Dur~ng the triplicate wave tank experiments initiated In July 1982,

surface oil samples were collected for chemical and physical properties deter-

minations according to the following schedule: at O minutes, 5 minutes, 1

hour, 2 hours, 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, 3 days, 6 days,

9 days, 12 days, 4 months, 9 months, and 12 months after spill initiation.

Section 5.4.6 discussed ”changes in the. theological properties of the slicks

and presented photographic documentation of the observed changes in oil slick

appearance and behavior in the wave tanks. This section pre’sents changes in

the chemical properties of the slicks as determined by flame ionization detec-

tor gas chromatography and gas chromatography/mass spectrometry.

As noted in the previous sections, evaporation begins immediately

upon release of the oil to the sea surface, and this is clearly Illustrated in

the chromatographlc profiles shown in Figures 5-104 and 5-105, These samples

were collected from wave tank 2 at the times indicated in the figure legends,

and identical chromatographic profiles were obtained on samples from wave

tanks 1’ and 3 collected over the same time intervals. As shown by chromato-

gram B in Figure 5-104, compounds with molecular weights less than nC-9 dre

largely removed 8 hours after initiation of the spill. Loss of components in

the KOVAT 900 to 1100 range is significantly delayed, and nC-10 IS still clear-

ly observed 9 days after spill initiation (chromatogram  D). At the 7 month

weathering point (Figure 5-105B)

is nC-13. After 12 months all

removed from the slick, and at

nC-17/pristane  and nC-18/phytane

degradation. These observations

this section and in Section 7.0.

the first chromatographically  observed peak

components essentially below nC-14 have been

this point significant alteratio~s in the

ratios can be observed suggesting microbial

will be discussed in greater detail later in

To evaluate the chemical changes to

during the winter period, a fourth wave tank

1982, and Figures 5-106 and 5-107 present

surface 011 due to weathering

study was initiated in November

the time-series chromatograms
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“e 5-105. FIDAC c~~t~g~~ of Ofl sqles Obtalnecl  ~ron’i !4ave Tank #2
at: (A) 12 days, (B) 7 ntmths, and (C) 12 months after a spill
of 16 liters of l%udho~ Bay crude oil.
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Figure 5-107. FIi)/GC chromatograms  of oil samples obtained from Nave
Tank 44 at: (A) 12 days, (B) 3 months, (C) 5 months, and
(D) 9 months ~~t~an~ d oil on tank 5i&) after a spill of

1Prudhoe Bay cr;dyqyl .



obtained m oil from this experiment. Initial weathering appeared to be

sllghtly delayed as evidenced by comparison of the 8 hour chromatogram for the

winter spill (Figure 5-106B) versus the 8 hour chromatograin  for the summer

spill (Figure 5-1046). During the colder winter period, coinponents in the

KOVAT 800 to 900 range were clearly evident for a longer period, as would he

predicted from

Even after 48

n-alkanes  and

temperature-dependent vapor pressure data for these components.

hours (Figure ~5-106C) there is still considerable evidence of

branched components in the KOVAT 800 to 900 range, and these

were largely removed during the summer spills. After 10 days, however, the

chromatographic  profiles obtained during the,winter  period more closely

matched those during the summer spill, with nC-10 being the first major

resolved n-al kane in the surface oil. Longer term weathering over three tc

five months shows significant amounts of components w?th mo?ecular we?ghts

greater than nC-12 remaining in the slick (Figure 5-107B and C) , however, all

components below nC-13 were removed from the slicks during the summer spill:

over a similar time frame. Chromatogram D in Figure 5-107 was obtained on ar

oil sample scrapped from the upper tank wall from wave tank 4 approximately !

months after the Initiation of the spill. As in the 12 month sample of sur-

face oil from the summer spill, there is significant evidence of microbial

degradation due to changes in the nC-17/pristane and nC-18/phytane ratios

although the winter-time stranded oil in wave tank 4 still contained signifi-

cantly higher levels of n-alkanes  in the nC-20 to nC-32 range compared to th{

surface oil from wave tank 2 after 12 months of simulated open ocean weather-

ing.

The relative changes in total gas chromatographically  resolved an{

unresolved complex mixture concentrations are presented graphically for th(

winter and summer spills in Figure 5-108. A rapid decrease in chromatography.

tally resolved components is observed during both spill conditions during th(

first month; however, the rate of loss is clearly greater for the summer condi.

tions, and continued loss of resolved components is suggested over the 1;

months ~fter spill initiation. During the winter spill the initial loss o-

chromatographically  resolved components is somewhat slower, and there appear!
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‘igure 5-108. Total Resolved and Unresolved canpounds remaining in the oil
slick fran (A) Wave Tank #4 and (B) Wave Tanks #1-3. Values
are means.
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to be a relat~vely constant level of chromatography cally resolved peaks over a

longer period for the spill started under the colder conditions. Idith regard

to the unresolved complex mixture present in the oil from both the summer and

winter experiments, a slightly greater decrease is also observed for the mean

concentrations of components

winter conditions.

Table 5-10 presents

from wave tanks 1 through 3

in the UCM for the summer spill compared to the

. .

individual n-a)kane concentrations in the oil

initiated during the summer period. Concentra-

tions are reported on a microgram/gram of oil basis, and they have been cor-

rected for the incorporation of water. These data are perhaps illustrated

better graphically, and Figure 5-109 presents selected time-series n-alkane

concentrations (from nC-8 through nC-27) from wave tanks 1 through 3. Note the

difference in time scales for the different molecular weight components illus-

trating complete loss of compounds up to nC-9 during the first 48 hour period.

Traces of nC-11 were still observed (at an extremely low level) 4 months after

initiation of the spill, and a slow, but steady, decrease in nC-16 and nC-27

concentrations in all three tanks is observed in Figure 5-109C, The data in

Figure 5-109D show a similar rate for nC-15 compared to nC-16, however,

phytane, a branched isoprenoid compound is lost at a significantly slower rate

compared to the n-alkane  of similar boiling point (nC-18). Differences in the

rate of loss in these compounds can be used to evaluate the influence of micro-

bial degradation as will be discussed below in Section 7.0.

Table 5-11 presents individual n-alkane concentrations in the oil

slick from the winter spill (wave tank 4), and again the concentrations have

been corrected for water incorporation. These data are also presented graph-

ically in Figure 5-110, and the data in Figure 5-lIOA illustrate that nC-~

could be detected up to 6 days after initiation of the spill. Similar data

presented in Figure 5-109A show complete loss of detectable nC-8after only 2

days during the summer conditions. Likewise, nC-9 was observed during the

winter spill up to 12 days after initiation of the spill event, and during the

summer conditions (Figure 5-109A) this component was largely removed after 48
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Table 5-10. Individual n-alkane Concentrations (llg/g)

Compound
.——. —

n-C8

n-C9

‘-CIO
n-C1,

‘-C12

n-C13

n-C14

n-C15

‘-C16

n-C17

Pristane

n-C18

Phytane

n-C20

n-C24

n-C27

Total Resolved

Unresolved
Compounds

. . .— . — —...— . . —

Time O
Ave/Sl?a
——

2490/615

4290/830

4640/933

4?70/955

47(-)0/990

5790/’1150

3890/700

3980/276

3750/502

3360/403

1990/283

2870/480

12Bo/210

2410/610

2360/57.0

2790/700

92,300

-——.— .

12 Iv3urs
Ave/SO

680/99.0

2660/390

3740/396

4210/382

4230/353

5290/262

3580/106

3420/99.0

3260/77.0

2970/42.0

1710/35.0

2360/49.0

1070/70.0

2120/10.0

1660/23.0

1620/147

102,000

—-—- .— .

24 hours
Ave/SD

290/5 .0

1650/28

2670f320

3170/14.0

3270/21.O

4100/8.0

2870/63

2910/219

2880/233

2660/134

1560/212

2260/28.0

1030/63.0

2460/78.0

2060/304

2340/156

88,000

416,000

—-— .—

in the Oil Slick from Wave lanks #l-3 - Corrected for~ater lncorporatlm

48 hours
Ave/SO

—----- .—

ndb

450/54

1350/162

1960/236

22401242

2960/376

2120/255

2270/218

2390/315

2500j217

1470/200

2060/215

1020/96.0

2560/192

292,0/352

2780/198

67,000

385,000

. — —  - — -

6 days
Ave/SD

nd

nd

610/209

1730/510

2580/830

3100/1040

2150/721

2090/675

2060/603

1910/651

1080/367

1630/547

962/152

2150/360

1090/230

980/195

65,000

227,000

.—. --_— ---

12 days
Ave/SD

nd

nd

298

1030/358

2200/691

2580/694

2230/550

2170/508

2060/503

1960/517

1160/280

1580/484

728/201

1570/436

1190/239

996/277

58,000

170,000

______ ______ .

a- Ave indicates the average value and S0 indicates the stdndard deviation

4 months
Ave/SD

nd

nd

nd

nd

146/34.8

945/124

2090/197

2880/238

2490/243

2525/277

1870/214

2250/282

1670/216

1990/288

2630/115

1890/262

83,800

203,000

.——— --

>

9 months

Ave/SO

nd

nd

nd

nd

nd

260/14.1

810/36.8

1100/16.3

1240/1.41

1070/32.5

1070/6.36

953/19.1

688/24.7

680/28.3

470/113

442/128

19,300

56,500

——.-——

12 months
Ave/SD

nd

nd

nd

nd

nd

125

263

340

333/155

403/ 118

445/118

365/146

400/73.5

315/57.2

370/61.5

338/59.3

9,200

68,100

.-—_--—..—.—

t
b - nd indicates “not detected”
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Table 5-11.

Compound

n-C8

n-C9

‘-cio

‘-cll

‘-C12

n-c13

‘-C15
n-C17

Pristane

y ‘-C18
-
@ Phytane
-J

‘-C20

n-C23

n-C26

Total Resolved

Unresolved
Compounds

. -— . —-----l-

ndividual n-alkane  Concentrations (lig/g) in the Oil Slick from Mave Tank ,#4 - Corrected for Water Incorporation

Time O
.—

2620

3860

3690

3600

3490

3530

3200

2360

1210

20?6

1030

1920

2100

1890

115.000

320,000

—-.._—

8 hours

1560

2910

2950

2900

2360

3060

2150

1660

850

1420

738

860

1160

877

76,2oo

158,000

—____

24 hours

329

1140

1380

1440

1390

1465

1830

1390

i04

1371

478

819

669

542

38,400

86,800

— .

48 hours

84.5

507

834

9?3

902

1030

1420

823

472

688

345

453

406

296

23,300

62,400

6 days

nda

210

860

1360

1520

1640

1390

1300

660

1050

572

1060

977

736

37,500

81,400

—

12 days

nd

nd

515

1420

2190

2300

2450

1740

939

1470

792

1120

1200

962

49,800

166,000

3 months

nd

nd

nd

110

948

1540

1940

1360

893

1100 ‘

575

768

1180

9?5

46,750

128,000

—

5 months
—. .—

nd

nd

nd

nd

565

1540

2160

1570

995

1530

768

1300

1380

1310

43,300

175,000

9 months

nd

nd

nd

nd

nd

nd

315

530

1180

453 1

1000

298

358

520

21,000

134,000

a - nd inciates “not detected”

,.
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hours. The data in these figures also demonstrate that nC-11 remained in

winter spill for up to 5 months (Figure 5-11OC) whereas this compound

completely removed after the 4 month interval from July to November during

sumner spill conditions (Figure 5-1098). During the winter conditions

the

was

the

the

concentration of nC-17 was observed to decrease slowly, however, the iS(3-

prenoid pristane was observed at relatively constant concentrations up to the

9 month sampling point.

Comparisons of the ratios of nC-17/pristane, nC-18/phytane and abso-

lute concentrations of farnesane are presented in Table 5-12 and graphically

in Fiqure 5-111. Ratios of nC-17/pristane for the oil in al I four tanks are

observed to

differences

reflect the

decrease uniformly as shown in Figure 5-111A, and no significant

in the winter versus summer spills are readily apparent. This may

fact that the values shown are derived” from ratios of individual

component concentrations, and thus any experimental variance in concentration

determinations would cause a larger spread in the ratio data as shown. Never-

theless, a relatively constant decrease in the nG-17/pristane ratio is ob-

served for the 12 months of the experiment. Ratios of nC-18/phytane  also

decreased in a relatively constant fashion for all four tanks (Figure 5T1116),

and from these data it is not possible to draw any definitive conclusions

regarding surmner vs winter microbial degradation rates. Farnesane concentra-

tions in all four tanks drop quite quickly during the first 5 days of the
experiment and then remain relatively constant throughout the remaining period

of observation.

5.4.8

obtained

Time-Series Dissolution of Aromatic Hydrocarbons in the Hater Column
from the Wave Tank Systems

As described in Section 5.4.4, filtered water column samples were

from the flow-through wave tanks to determine time-series concentra-

tions of dissolved and particulate (including dispersed) hydrocarbons In the

water column beneath the slick. These filtered-water samples were extracted

and analyzed at the Kasitsna Bay Laboratory, and Figures 5-112 and 5-113

present selected flame ionization detector gas chromatograms obtained on the
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Table 5-12. Kasitsna  Bay Wave Tanks nC17/Pristane,  nC18/Phytane Ratios and Isoprenoid Concentrations in Oil

lime  O
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12 d.lys

4 Iliullllls
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9 IWflttls

12 111011111s
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1.11o
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.l#’llYLdlle
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r

. A

B

c

D

Figure 5-112. FID-GC chromatograms  of filtered seawater extracts from wave Tank #
at: (A) prespill Blank, (B) 5 minutes~ (C) 8 hours~ and (D) 48 hour
after a spill of 16 liters of Prudhoe Bay crude 011.
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Figure 5-113. ~D-GC chromtog~ams  of filtered seawater extracts from Wave Tank #2
at: (A) 12 days, (B) 4months, and ~C) 12 months after a spill of
16 liters of Wudhoe Bay crude oil.
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summer-spill water column samples from wave tank 2 at the time intervals

shown. Chromatogram A in Figure 5-112 was obtained on a pre-spill blank t!nd

shows essentially no significant hydrocarbon contamination before initiation

of the experiment. Chromatogram  B obtained 5 minutes after initiation  of the

spill shows the imnediate and significant buildup of lower molecular we~~ht

‘dissolved aromatic compounds which are identified by KOVAT retention indicks.

Specific compound identifications, listed by KOVAT index, and time-sefies

concentrations of dissolved aromatic’ hydrocarbons in the water column from 611

three tanks are presented

centrations were observed

spill initiation (Figure

in Table” 5-13. Dissolved aromatic hydrocarbon con-

to reach a maximum between 8 and 12 hours after

5-112C). After 48 hours, significant loss of the

lower molecular weight (below KOVAT index 868) compounds due to a combination

of evaporative and advective processes is observed (Figure 5-112D). After as

little as 12 days (Figure 5-113A) most of the lower molecular weight aromatic

compounds are no longer present at high concentrations, with only ‘the inter-

mediate molecular weight naphthalenes, alkyl-substituted  naphthalenes and

phenanthrenes continuing to dissolve from the surface slick. This higher.
molecular weight aromatic compound dissolution is most prominant in Chromato-

gram B of Figure 5-113 which shows the water column extract 4 months after
8

initiation of the spill. At that time the only significant aromatic hydro-

carbons observed are in the C2-naphthalene to phenanthrene range, and even

then, these concentrations were only present in the 50 to several hundred

nanogram per liter range (see Table 5-13). Twelve months after initiation of

the spill (Figure 5-113C) almost all evidence of any significant aromatic

hydrocarbon dissolution from the slick is gone.

.

As during the summer spill experiments, water column samples were

obtained for dissolved and dispersed hydrocarbon concentration measurements

during the winter spill initiated in November, 1982. Figures 5-114 and 5-115

present the time-series chromatographic profiles obtained on those extracts.

Again, the pre-spill blank (Figure 5-114A) shows no significant evidence of

hydrocarbon contamination, and yet, significant (10 to 70 ~g/liter) levels of

aromatic hydrocarbons ranging from toluene to o-xylene are observed in the
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Table 5-13. Dissolved Aromatic

Compound

Toluene
Ethyl benzene
p-xylene
O-xylene
Isopropyl benzene
n-propylbenzene
C3-tzenzene
1,3,5 -trimethylbenzene

~ C3-benzene
~ C4-benzene
n n- buthylbenzene

Naphtha lene
2-methyl naphthd I ene
l-methyl naphthalene
1,1’ -biphenyl
2,6-d imethylnaphthalene
C2-naphthalene
C2-naphthalene
C2-ndphthalene
2,3,5 -tr,m81hy]naphthd lene
Dibenzothlophene
Phenanthrene
Total Resolved
Unresolved Compounds
.—-— — .—. —---- _______

KOVAT

765
860
868
894
925
954
969
981
996

1024
1060
1187
1299
1317
1386
1412
1428
1447
1463
155a
1746
17J3

------- .

Time O
Ave/SDa
—-. —
44.8/14
3.70/1.2
13.9/4.1
7.14/2.4
.521/. 15
.862/.25
. 7fJo/ .20
1.30/.35
4.01/.75
2.20/.41
1.20/ 1.8
2.96/.88
2.wt/.74
200/ .50
.180/ .18
. 290/. 2fJ

nd
ml

nd
nd
nd
nd

99.1/32
o

——. -----

Hydrocarbon Concentrate ons (ug/1 ) from Wave Tanks #1-3.

1 hour
Ave/SD

160/54

11.5/7.5
40.4/23

23.0/12
1.44/.87

1.84/1.2

1.92/.95
3.40/1.6

8.80/4.3

6.30/2.9

1.30/.55

9.20/5,4

7.00/3.3

5.00/2.2

.450/ .49

. 99D/ .59

nd

nd

nd
nd
m-f
nd

335/114
o

2 hours
AvejSO

134/23
14.6/ 1.1
52.9/ 1.0
23.0/11
1.50/.86
2.20/1.2
2.10/ 1.1
4.60/.01
12.2/.42
8.60/.52
1.40/2.1
10.2/4.0
8.00/2.9
5.70/J.7
1.10/,65
loo/.34
.850/.82
.3ti9/.  ol
,240/.00
.133/ .12

nd
ncl

325/18
o

—-— .-

4 hours
Ave/SD
— .
91,8/13
12.7/5.2
48.1/21
27.6/10
2.1o/1.l

3.40/ 1.8

3.50/2.2

5.50/2.7

14. tl/7.l

10.9/4.8

2.50/.78

21.3/7.6

15.5/4,7

11.9/3, tl

1.90/.50

2.20/.64

3.60/ 1.0

,M50/ .26

.730/ .17

. 2W/ .03

,438/.04

.463/ .18

384/79

132/14

-.--———

8 hours
Ave/SO
.— .-—
30.1/l. tJ
6.70/.8fI
28.3/3.8
16.5/2,1
1.4 fJ/.35
2.30/.62
2. uo/ . fJ3
3.tJo/l.4
10.3/3.9
Lt.22/2.2
.380/ .17
16.8/5.6
13.9/5.7
10.7/4.6
2.20/.035
2.80/.06
4.40/.13
1.04/.11
.9D1/.  O4
.211/ .08
.412/ .12
. 482/.29
193/50
lo4/5,7

-..---..—-

12 hours

Ave/SO

13.5/ 1.8
4.31/ 1.3
18.5/5.1
11.4/2.7
.991/ .39
1.70/.67
2.10/.72
2.96/.94
7.78/2,1
6.31/ 1.9
.382/ .13
13.4/3.0
11.3/4.7
9.22/2.9
1.63/.49
2.29/.71
3.3 Lt/l. o
.732/ .23
.674/.2l
.221/ .05
.4?4/ .006
,526/.17
169/7.1
lU2/42

. ..-— —

2 days
Ave/SfJ

- . . ..—. —
l.q-J/l.l
.920/ .21
4.97/1.2
2,89/ 1.?
. 376/ .013ft
.lb5/.2l
1.23/.14
1. U1.06
5.2 J/.l4
4. W .40
.301/ .(34
6.22/2.4
8.75/ 1.1
7.56/l. tJ
1.44/,42
1.’)6/ .45
2. 99/. Iu
.610/ .23
.604/ ,19
.214/. U6
.324/ .04
. 51!0/ .22
717.2/7.l
113/17

6 days
Ave/SD
.— —-—
.1 22/. 040
.260/ .10
1.20/ 1.3
.723/ .89
.l(fO/ ,061
.llJ1/.17
.3 J3/.l2
. 609/.11
2.00/.95
1.61/ .4Ci
.1 20/. 009
3.82/l.5
5.45/ .ltlf
4.51/.6M
.u50/.l3
1.32/ .tJ7O
1.63/.31
.344/ ,03
.35?/ .04
.ltJ1/. O6
.313/ .09
.2W.ol
35.6/ 7.7
86.2/10
—.- .——

12 days
Ave/SO

ndb

.258/ .27

.039/ .05

.045/ .04
nd
nd

.077/ .01

.0421 .(JDH

.136/ .20

.ou7/. o5

.049/.03

.111/ .14
1435/ 1.5
1.27/ 1.3
, 3tf0/ .26
.314/ .32
.413/ .50
.117/ .13
.159/ .14
.047/ .04
.179/ .15

. 0360/.06
26.3/14
M9. o/37
——-----

4 months
Ave/S!3

—-—— .
nd
nd
nd
nd
rut
nd
nd
nd
nd
nd
nd
nd

. 0705/.03

.0642/ .02

. 0359/.03
. 266/. W
.5tt31 .02
.153/ .tJo8
.08!Jo/.wlt
.105/ .0?

.191/,06

.175/. u4

7.33/2.7

12.6/5. ?

—-—. . . .

9 months
Ave/SO
——-

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

.0112 /.0001

.0104/,008

. 0495/ .02

. 0228/. 000

.0214 /.005

. ofJ668/  .001

.001 59/. OW

.01 65/ .utJot

. 00607/. UW
,ol.NJ/. ootfl
5.95/.03
13.2/ .tJl
.-.-.— .

2 months
hve/S8
— .-_—

ml
nd
nd
nd
II(J
4 Id
I Id
nd
nd
Ild

nd
IIIJ

00565/ .00
04J3/. O6
0424/.06

IILf
nd
IIIJ
II(I
nd

tH16’J!J/  .00
.Ulw.u ii
5.3 J/, J4
5.04/ .45

—-- -

a - AvtI indicates lhe average value fur 3 wave tdnks  dnd SfJ indicdtes  the !itdndard deviation

b - nd indic~te~ “not detected”



1

Figure 5-114

:
:

.-

FID-GC chromatograms of filtered seawater extracts obtained from
Wave Tank #4 at: (A) Prespill Blank, (B) 5 minutes, (C) 8 hours
and (D) 48 hours after a spill of 16 liters of Prudhoe BaY crude oil.
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A

Figure 5-115. FII)-GC Chromatogrms  Of filtered seawater extracts obtained
frcm Wave Tank #4 at: (A) 12 days, (.B) 5mOnths, and (c) 9 months
after a spill of 16 liters ~fl~fudhoe Bay crude oil.



water column as little as 5 minutes after spill initiation. Compound identifl

cations by KOVAT index are Iabelled as in Figures 5-112 and 5-113 (and Tdbl[

5-13}, and absolute hydrocarbon concentrations in the water column for th[

winter spill are presented separately in Table 5-14. ‘ As In the summer spill

the lower molecular weight aromatic hydrocarbon concentrations reach a maxifiur

during the first 8 to 12 hours. They are gradually lost as shown by the chro

matographic profiles in Figure 5-114 and the data in Table 5-14. This ~OS!

from the water column reflects the combination of advective removal due t(

water-column turnover, evaporation from the slick (e.g., the hydrocarbon

source) and air/sea exchange (evaporation) from the open water portions of tlw

wave tank. With extended time these lower molecular we~ght aromatics ar(

continually removed; however, the chromatographic profile in Figure 5-115/

still shows elevated levels of aromatics in the KOVAT index 900 to 1300 rangf

after 12 days compared to the values observed during the summer spill. Thes[

slgn?ficantly higher concentration and greater longevity in the water columl

during the winter conditions reflect two features. First, due to lower evapo

ration rates as effected by the specific component’s vapor pressures at -5°C

their residence time in the slick is significantly longer, and as such, the:

continue to dissolve into the water column over an extended period. Second

as noted in Section 5.4.6 (oil slick rheologlcal properties and wave tan

observations) the winter spill did not form

ernulslon dur~nq the init~al days of the spill

ments. The lower temperature did increase the

loss due to evaporation may have been dlffus~on

as significant a water-in-oi

compared to the summer experi

viscosity, however, such that (

controlled. After approximate

ly 5 months of weathering with continuous tank-volume turnover every 3 hours

the only components continuing to dissolve into the water column at s~gnifi

cant rates were the alkyl-substituted naphthalenes as shown by the chromato

gram In Figure 5-1156. At this time the chromatoqraphic pprofile  of the wate

column appeared to be very similar to those observed with the spills initiate

during the summer months (after a similar time frame), and the absolute hydro

carbon concentrations are similar in magnitude to those observed during the

to 9 month Interval for the summer spill (see Tables 5-13 and 5-14).
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Table 5-14. Dissolved Aromatic Compound Concentrations (~g/1) - Iiave Tank #4, Fall 1982

Cnlllpmlnlt

. . . .

Toluwte
Lthyllvw7f?ne
Ill A p - Xylfw
o - xylww
lso~ropylhwzww
n-l)rol)yll)rtllf?tle
C,-l)cnzwlc
1“.3,!i-trinwthylhen70ne
C1-hrnz.ww
(j-l)rnzfuw
Ilaphlhalww
Z-lllolllyltl.lllhtllalene
1 -reef hylnJldiLhn  lene
1,1’-biphrmyl
~.fi-{tililet.tlyln,~l~}tth(llene
Cz-lmphlllalone
Cz-nallhtlmlenc
Cp-naphthijlrwm
2i3,5-tr i\liethyl  llal]llthal
Olbenzothiophww
Phenfinthrenn

(#l (ot.al  Resolved
+ Itnresnlved  (ompounds

z . . . . . . . -. .- --- ..— .

5 min
. . . . . .

66.7
8.07

25.3
11.2

.93
1.39
1.45
1.t33
4.42
3.00
3.78
1.95
1.54
nd
.23
nd
nd
nd
nd
nd
nd

143
0

—---

12 hour
. . .

57.1
6.46

22.1
9,92
.89

1.55
1.69
2.15
5.2Il
3.58
4.85
3.65
2.52
. 2ff
.78
.f17
nd
nd
.22
nd
nd

203
0

——

1 hcwr

65.7
6.44

?1.3
9.119
. 69;

).18
1.38
1,93
4.35
3.23
5.21
4.23
3.10
.46\

1.13
1.32
.21:
.25!
.28;
nd
nd

149
0

,——

? hours
-. —..-

126
12.1
40.2
19.1
1.28
1.o1
2.51
3.19
7.98
5.77

loon
7.04
6.26
1.10
1.67
2.54
. 62~
.261
.46(
.303
.314

1!+3
r93

a - nd indicates “not detected”

4 hours
--- -— . --

141
19.6
61.9
30.3
2.11
3,72
3.47
5.12
13.9
9.15
18.8
12.8
10.3
1.79
3.57
4.29
1.13
.789
.790
.601
.521

464
213

1 hours
--- ..—

10.9
3.03

10.0
5.04
.366
.587
.710
.927

2.41
1.64
2.93
3.01
2.58
.428
.636

1.14
.360
.235
.095!
.126
.123

67.1
16.1

L2 h o u r s

. - . — _ _ _

1 6 . 4
3 . 3 4

1 1 . 3
6.10

.428

. 6 6 9

. 8 0 5
1 . 1 5
2 . 9 9
2 . 2 1
4 . 4 1
4 . 2 9
3 . 8 2

.6011

.918
] . 6 4

. 5?0

.313

.442

.257

.220

92.1
44.7

18 hours
——

1.81
.949

4.00
2.43
.196
.353
.487
.654

1.84
1.35
3.54
2.25
1.97
.318
.525
.714
.218
.183
.057!
.126
.122

34.5
17.5

3 days
— .

.421

.564
2.53
1.70
.149
.293
.466
.612

1.80
1.33
3.91
2.51
2.17
.339
.521
.797
.1137
.141
.045:
.113
.116

33.6
19.5

1 days
— . -

.164

.317
1.60
1.14
.114
.231
.405
.525

1.57
1.20
3.62
2.44
2.13
.339
.490
.741
,103
.134
.144
.120
.134

26.0
18.7

.—

0 days
-.——

nd a

nd
nd
.133
.0193
.07?f
.246

‘1::!5
1.01
4.75
4.66
3.79
.553
.722

1.17
.282
.184
.237
.241
.190

31.8
33.2

2 days

nd
nd
nd
nd
nd
.026:
.101
.118
.515
.503

2.99
3.01
2.49
.444
.665
. Yd4
.247
.176
.066’
.23?
.191

20.0
30.3

—-

I months
—.— - —

nd
nd
nd
nd
ncl
nd
nd
nd
nd
nd
nd

, 044!
.109
.010;
.124
. 065!
.023;
.031:
.021(
.036(
.052:

5.19
10.7

) months
_——.—

nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
.0246
.0311
.Oloz

nd
nd
.00459

nd
nd
.0292
.0380

5.81
5.38

*



Figure 5-116 presents time-series

total resolved and unresolved components in

dissolved concentrations for th

the water column from wave tank

during the winter spill conditions along with the mean concentrations observe

from wave tanks 1 through 3 during the summer spill. During the winter condi

tions, the total hydrocarbon concentration of chromatographically  resolve

components approached 460 ugil compared to 390 ug/1 for the resolved compo

nents during the summer spill. This presumably reflects the longer life tim

of the components .in the slick due to inhibited evaporative loss. The concen

tratlon of components in the unresolved complex mixture during the winte

spill is observed to rapidly increase to approximately 200 ~g/1 during ~h

first 8 hours and then fall off rapidly to values below 20 vg/1 within 1

hours after spill initiation. By contrast, the components in the unresolve

complex mixtures remained relatively high (100 ug/1) and constant during th

first 12 days of the summer experiment.

Individual dissolved aromatic hydrocarbon concentrations for th

summer spills are presented in Figures 5-117 and 5-118. Similar time-serle

concentrations for individual dissolved aromatic hydrocarbons during th

winter spill are presented in Figures 5-119 and 5-120. Detailed examlnatio

of the data in the figures shows nearly identical absolute concentrations fo

individual aromatic compounds in the water column during the summer and winte

Spills. The relative time lag in water column buildup during the colde

winter conditions is clearly apparent, however, in comparing such individua

compounds as toluene (Figure 5-117A and Figure 5-119A), ethylbenzene (Figur

5-117B and Figure 5-119E3), C3-substituted benzenes (Figure 5-117C and Figur

5-119C), and other components presented in Figures 5-117 through 5-120. I

particular, the greater number of sampling points on the increasing side o

the concentration profiles (all samples from both summer and winter wer

obtained at times 5 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, 2

hours and 48 hours post spill) show this slower buildup in the water colum

concentrations during the winter conditions. Again, the compounds are presen

longer in the slick due to lowered component-specific vapor pressures at -5°C

and their buildup in the water column is presumably delayed due to diffusio
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controlled mass transfer from the slick which was more viscous (due to lowe

temperatures). As such, it was not as well stirred, and these trends ar

clearly observed in the

5.5 OIL WEATHERING

data presented in graphical form.

MODEL VERIFICATION

5.5 .1 Model Predicted vs Observed Evaporation/Dissolution Results fro
Controlled Chamber Experiments in La Jolla

As described in detail in the modeling section (4.0), two distinctl

different modeling approaches are being taken in our efforts to predict oi

weathering behavior. Tne component-specific model predicts individual com

pound concentrations in the sllck or water column as a function of time, an

the pseudo-compound (or fractional-distillation cut) approach allows predic

tions of overall oil mass balance. Output data from the component-specifi

approach predicts time series concentrations In the slick, air and wate

column based on thermodynamic properties such as Henry’s Law constants

liquid-liquid partitioning coefficients and mass transfer coefficients.

Predicted vs observed water column concentrations for benzene, CYCIC

hexane and toluene were generated using the data from evaporation/dlssolutic

chamber experiments in La Jolla, California, and preliminary results frc

these studies were described In our November 1980 Interim Quarterly Repof

(PAYNE et al., 1980). A much more sophisticated evaporation-dissolution mod~

has since been generated, allowing prediction of specific compound concentr:

tions in the water column beneath an oil slick.

A significant improvement in the model has come from the utilizati[

of Henry’s law coefficients in the calculation of the mass-transfer coeff-
icient at the oil-air interface. Previously, only benzene, toluene and CYCI(

hexane were modeled, and since these compounds all have similar volatil itie!

they behave in a similar manner. However, when considering compounds whit

are much less volatile (e.g., naphthalane), water column concentrations wi’

peak much later than the concentrations of benzene, toluene, and cyclohexan[
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Th7s is due to the fact ttmt the less volatile compounds leave the oil-water

phases much more slowly, allowing more time to transfer from the oil to the

water phase. The equations being used to predict water and oil column concen-
trations are those presented in the November Quarterly (PAYNE et al., 1980),

with changes being made only to the over-all mass transfer coefficient at the

oil-air interface. Tables 5-15 through 5-26 present specific numerical output

for six selected compounds examined in the evaporation and dissolution experi-

ments at 3 and 21”C. The output presented in these tables is all the informa-

tion needed to calculate the water and oil phase concentrations. The KW, KA,

and KO values are individual-phase mass transfer coefficients; the M-value and

Henry’s law coefficient was derived frwi the Antoine vapor pressure equation

and the constants, ANTA, ANTB, and ANTC are from REID et al. (1977). The

quantities A through Z2 on the output are intermediate results used to calcu-

late the final concentrations. For the water column concentrations:

Y= “  Z1*EXP(D1*TIME) +Z3*EXP(D2*TIME) (5.1)

Figures 5-121 and 5-122 present the predicted water column concentra-

tions at 21 and 3°C for the compounds presented in Tables 5-15 through 5-26.

These figures clearly show the less volatile compounds persisting in the water

CO1 umn. This is what has been recently observed experimentally as shown in

plots of observed component concentration (Figures 5-25 and 5-31). The experi -

mental observations at 19°C indicate that the naphthalenes tail-off much

faster than predicted;

could be due to some

stirring blades of the

volume ratio).

however, this rapid tail-off of dissolved naphthalene

other mechanism such as adsorption to the walls or
evaporation/dissolution chamber (high surface area to

In general, the predicted time of occurrence of the peak water con-

centrations is quite good, but the peak concentrations do not always agree

wel 1. The prediction of the peak concentration 1s d~rectly dependent on the

initial concentration and the M-value. While our M-value data represent

first-of-a-kind measurements, future determinations will no doubt yield im-

provements.
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TABLE 5-15. STIRRED TANK MUOEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 854
ETHYLBENZENE.

STIIIIIKII 7’AITK  ?I(0)EL  FOn KOVA’r 0 5 7 .  lT711V1.nF3W.ENC
I’NON “tti)l KKYouAIII) , KU = :1.0001:+00, KA = i.fiwm+nn,  K(I =
N (01 l.. WATF.11  } =

I.O(W+OO  cwun
2.6601:+0:1. IIKNIIYS I.AW (AIIw(III,I =

AWIA  = I .{JUE+OI , ANrn =
4. 0411 E-011  1$1 tlKNS  10NLESS . AT O .00W+09 DM C

:1.*’MIE*02, Afrll: .  -~.t),,~~+(),
tlol.t  w OF 01 L = 2 .JNNoE+W2  , lII:NS lTY  = O.{NNJK-O!  CNzcc
vu = 2. NOOKI02 m. VH = 2. O1lOK *04 t n .
X71:110 = 4.740fi*02-fll(:lltKllAHs~cllAH  OF (111., AnEA  = 6.170E+02  Ctl*Ct4
oVtlk-Al.l.  KW Al WATKN-OIL  = * . 997~:+on Cr,,,,n
OV1:N-A1.  I. KO AT 01 I.-ii Ill = 5.7211K-02  Crb’lnl
.1 = -6.16:lE-02,  O  =  2.:I17E-OS
C = 9.24rit:+oo. o = -1 .IIOIK-01

:1. ~~

2.50
:1.75
4.00
4.2n
4.60
6.00
0.00
to.oo
I 2.00
14. (m
16.oo
I 0.00
*,, . ,)()
?2 .00
M . No
24..00
Ml. 00
:111. oo
:12. ON
24. NO
2 (s .00
:Ili .00
40. m)
42.00
44.00

CoNCE_TION  =  9.a12c+oI

. . ”



TABLE 5-16. STIRRED TANK MOOEL COMPUTER PREOICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 867,
P-XYLENE.

srlnnxu Tnnx  nwwx.  Fnn mvAT  IW7. P-WIJXW
t Iwwl ‘Inn KKYIWIANII  . 1: w * :1 .WOI:*WN.  KA = I.wM+K*OO.  KO = i.mww cwnn
w  (011.,  UATNII } * :1.WIOI:*O:I, IIKNIIVS LAM (AIWWII.) = 4.WWE-OI!  l~ltll!NSlONLWW,  A T  fl.W)OC400  IWX C
ANT.\ = I . 6WE+OI . Awrll  = :1 .:147 Ktwl, Arrrl: = -0.71 MW401
!WW.K  w’ 0$’ 011. ~ 2.IWWIK*IK!.  IW:NSI”IW  E w . IIOOK-W  I I:tl/i:f:

noun
,,. ~o
11.40
N .60
(b . Ill-i
I . Ow
I . 2w
!.40
I . 6(I
I . IN}
2.00
*.*-J
2.50
~,7~
W .00
:1.~~
:1.00
:1.75
4.00
4.20
4.00
* . {}0
0. w)

Ill .00
12.04
14.00
11..00
III .00

“ w .00
w , 00
S-s. oo
26.00
211.00
nN . (JO
:12.00
94.00
:16.110
:10. Ow
40. No
42. 1)0
44. nn
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TABLE 5-17. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 1021,
1-METHYL-4-ISOPROPYLBENZENE .

OIL

4. U07E+OZ
4.4n’fE+02
4.461 Kto!!
4.4:IOE*02
4,411JE+02
4. 09:IK*02
4.:170K+02
4.:1411ti+02
4.:123}:+02
4. :IONH+02

s’rlNllEll TANK tt(4tF,L FON  KflVAT 1021.
l“llfJtl  TIIE KHYIJOAIIN  , KM =

t-H~lVL-4-lSOrllOPYLU
:1. Oool:+oo , I(A =

N loil./wATt3l)  =
I .5001: fO:l , K(I = I.fJbOE+OO  Ctf/[01

1.44101:+04,  OENNYS LAW (All\/OIL)  =
AN’rA  .

Ii. 460E-06  Ill NSNS 10N1.F..S , A T  3. OOOC+OO  NW C
1.fi94E+Ol, ANI”O s :t. XI’) K+O:I,  ANTC  = -7 .fJIOH+{)\

II(N.K WI’ 4)F 011. = 2. 1111{IK402  , IN:N$4  I’IV = 0. N{iofi-ol (;N,CC
VI) = 2 . ttllll  F.to2 rfl,. Vw = :1. ooOE+o’J HI.
Xzlwo = 4. XIOI:+02  H I COOGOAHS/{:NAM  OF 01 L. AIIFA = fj . I TOE+fJ2 CFf*CII
{)vI:N-AI,I.  KU AT WATF.O-OIL  = 2. 9VW+O0 t;wm
OV1’11-Al.l. KO AT OIL-AIO = 0. I ~:~-():1  {:rj, 1111
A  = -6. t69E-02, O = 4. I(JJK-06
C = 9.Xi:lE400, N = -2.370K-02
n = :1.llo7E-02
l~t = -2.46f)E-W!,  IKA =  -6,27:IE-02(:I , 4.406K+02.  fX? =
7.1 =

1.X19E+OI
4.9fi9E-02, r~ = -4.9fi9H-(rJ

l/ATKn CONCKNTIIATION I*EAKS  A T  2..45:IE+OI llOIJllS
WNJXIK TOE WA’I%JI  fx)ffck:trrn~rt  ON = 1.644K-N2,  ANP TNE O I L
.\tfO  TNI; fX)NCtYfTllAT  10N NAT I o 10t l/WATfiN  ) = 1.4noE+l)+

110110 1120

0.20  a.74aE-fJ4
0.40 7 .4s2}:-04
0.60 t.io4E-o:l
0.110 I . 459 K-0:1
1. No I . 000 E-0:1
I . 2 0  2.lfJoE-fXl
t .40 2. 407s-fJ:l
1 . 6 0  2.U17K-ON
I.JNJ a.142K-fJ:l
2.00 ~.46tK-0:1
2.25 O.OIK!E-0:1
2. SO 4 .2: KIK-(KI

*.2nlH+w!
:!. IWK402

CONfXNlllATIOlf = 2.43ac+e2
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TABLE 5-20. STIRRED TANK MODEL COMPUTER PREDICTED WATE!l COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTIf)N  EXPERIMENTS: KOVAT 1317,
l-METHYLNAPHTHALENE .

X74Y144  = 7. :17t)l:+(X!  “HI (:llN4:llANS/l:llAH OF “01 l,, ANFA  = 6.170E+02  C?I*CH
(N/tN-At.t.  KU AT MA7FJ1-llt(. x :1. 000K+OO crl/ull
0V4:N-AI.  L K() AT 011. -Alll = I . INM.E-0+ cH/ 1111
,\ : -6. I b’)~-ns . n = 2.02 VV. -O6
1: = v.2n4K+on. n  = -11.61 f#K-a4

CON4XW7tlATIOH  = 7.02nc+02



TABLE 5-21. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 857,
ETHYLBENZENE.

STIIINKII TANK H(II)EI. F(NI KOVAT  lXi7, f?lllY1.nft~.rNn .
I  INIII “IIIE Ki:YnoAnn. ifw = :1 .onnr*oo,  VA  ❑ I  .fitMoK+(K1.  K(l =
II I 1)11,/ liATtN ) = Z.4001;+O:I.

i.n(aon+oo cn/un  0
NKNIIYS l,AU  tAlll/(ill.) =

ANl”)\ = 1.{*02K+NI. ANI’11 = :1.2 WIK+OX.
1.!XK4E-IJ4 lIltlENSIONI.Fe!S. AT 2.IOOC+OI  n~~ c

ANll: = -fi.99mK+ol
rNN.1: WI’  ok’ oil. = 2. NINIF. *NZ . lll:Ns I”rY =
V() =

N . NNNI:-O i 4;tl/*:t;
2. (INN  K*02  HI.. Vw = :1. O(mx tN4 Ml.

x/.l’lln - 4. 74(11:+112  tll i:li{N;llAM::j#:llAtl  (W’ fll  1., AIIFA = 6.170E+02  Ctl*(Xl
(n’1:11-,il.l.  }W A’r  UATRII-411  1. = t . 9vt,K+oo  CN/nn
{IVI:II-AI. I. t:O AT 011,-AIN  = I . !ifAtK-o I l:n. NN
,\ = -6. IA2E-N2, n = 2.r)flnE-Ns
4: = ‘).24:IE+O0,  N =  -.l.l)iio~-ol
N = 4.s4:iE-t)l
Nl =  -(.. 10(,!-02. lx! = -4.l)~fD~-(tl

i%%:::”  ::: -$: R%:~;,m,F+*,,  ,,.,,,,9
::1 = {.
7.1 =
N,rrl.:n f:oN(:EfrrNNi.1  ott iwy,l:H Ar
!{llt:ll~ 1 IIE WWI.KII f:oNCINlllA’11  ON =  “1.1i6~tl:-tY~.  Ani~ IIIK t)!l. COftCENTNATIOff  * 4.464E+e*
AI III ‘Ijll: CONl:KN’lIIATl  ON NATl C) t 01 l./ WA’l%N ) = 2.400K+(KI

Nnwl

,,,  ~,,
d,.  40
0 . 6 0
48. IN}
I . ml
( . 2 0
I .4N
I . (Al
t .00

2.no
2.7n
:1.00
:1.23
:1. so
:t.7fi
4. ON
4.20
4. w
t..  00
0. ON

IO. ON
t:. w
I 4. {IN
I 4.. ON
hi. oN
*,, . (,,,
w .00
w . ON
24. . No
2:1. w
:110.  No
:1:! . ON
:14 .W
W..ON
:UI.IIN
411. (M)
42. no
44. No

1.21N!E-02
1.:172E-N2
1.4S2K-02
i.5:17E-ou
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TABLE 5-22. ST IRRCD TANK FKIDEL COMPUTER PREI) lCTE@ \lATER COLUMN Cf)NCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 867,
P-XYLENE.

J



TABLE 5-23. STIRRED TANK MODEL COMPUTER PREDICTED IJATER COLUNN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS. KOVAT 1021,
1-METHYL-4-ISOPROPYLBENZENE.

COIMXX711ATIOH * 1.342E+e2

.
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TABLE 5-24. STIRRED TANK MOOEL COMPUTER pREDICTED  WATER COLUMN CONCENTRA-
TIONS FROtl EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 1185,
NAPHTHALENE.

nlnlll

0.20
(8.40
0 . 6 0
0. IIN
I . wo
$. UN
I .+0
\ . f9N
I .no
~, . ~,,
~.~~
2. m
g.7~
:1. No
:1.20
:$. 5N
:1.7rl
4. NW
+.*O
4. flw
h , NO
0. Ill)

10.  m
I 2. ON
I 4.00
It. . Wo
In. No
~,, . ,,~
*. .,,,,
X4 . of)
*#. . Ww
211. ON
:11) . (10
:12. ON
:14. oil
:tl. . NW
:N1. ww
.lW .Ww
4* . ON
4.} .Nw

,



TABLE 5-25. sTIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FRON EVAPORATION/DISSOLUTION EXPERIMENTS. KOVAT 1295,
2-METHYLNAPHTHALENE.

011.

C4JN4XWTllAT10n . I . 007C+93

WTl  1111!;11 T A N K  FNIDEI,  Fi)fl  I!{) VA’t’  12$S . 2-M~lYl.NAl>ltrllAl.  EnE
t II(NI  ‘I”IIE KEVNNADN  , K44 = :1. OINII:!O()  , VA = I.COW+O:I,  KO =
H (4111. WATF.D  ) =

1. 4100 E+4t0 Ctt/1111
I . :u)441:$04  . 111’.NMYS  LA\l ( A lN/1)1  l.) = n . .K42E-07  ttl HKt4SloNL&SS , AT 2. IOOE+OI  DFG C

Arm  = I .627E+01  , ANi”tl  = 4.2:17K+N:I.  ANI’C  =  -7.47riE+oI
tw)l.F.  w OF O I L  = 2. NDIIK4  W! . III:NS Ill’ = II. IN) OI.:-.  NI (: H,{:(:
VW = 2.000E+N2 HI., VW = :1 .oill*Kto$J  ?11.
Xytlut  = I .26NI:+O:1  nll:ll(M:llAFls/  4;llAtl 4]1’ 011., AIIFA =  6.170K+4u!  CtlF4:tl
N\~l:N-Al.L  KW AT WATtX1-01  1. = 2. VVVK+  4)0 cN/lln
41VF.11-AI.I.  K4) AT 4)11. -Alti  = 1.SS9K-4}:1  Crl,lln
A  = -6. 16’} H-IV2,  D = 4 .74 SK-04t
4: . v 25:1}:  +00 , 1) = -4. rivn~-o:l
N = n.n61E-02
01 =  -:1.1KIGK-4)30  02 =  -6.24+E-02
c1 = 4.244K444:10  4:2 = I . {*: IZR+O I
7.1 = !.024)K-4)1. X2 =  -1.4V24)E-411
WATIXI  4:4)N4:ENTNATION  PFAKS  A T 4.7fioE+4tI  nnwns
WIII:NE “INE WA’I’KN  (X) NCl:t41’llA”rl  (N4 = 7. 9771:-(K!  , ANn TIIE 01 L
A N N Till: C4JN4:}:N’IDAT  10N NAT 14) 4 D 11,/14A’l”FJl  } = I .:14*OK+4F4

DOWN D*O

0.20 t . I lNIK-4):1
(1.40 *.:164)E-0:1
0. 414) 0. Ii 17 H-4}:1
(). no 4. 413nu-4Hl
I .00 5. 7H3K-0:1
1 .20 6.l)~)6k-0:1
I . 4N 7, 9V:IE-4):1
t . 04) V.07SH-(KI
I . 114) 1.4*14K-4K!
2. 4)() 1.124}K-4K!
2.2fi  1.2.JVK-O!!
2. li4) 1.:177K-4K!
2.70 1.00:1K-4)2
:1.4M) I .4.26E-N2
:1.20 i.747K-4r2
:1. 34) 1.1167K-02
:1.70 1.VH-4E-112
4.044 2. 4-9~JF.-4K!
4.23 2.21:lr.-n2
4. 54) ii . :K!4V.  -O2
41. 414) 2. 4}04, F.-N*
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COMTOU-NDS
= 857 et hyIbenzene
L
A
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v a.?= 1498 C3-napht h ene
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FIGURE 5-121. PREDICTED WATER COLUt?N CONCENTRATIONS, STIRRED TANK
MODEL AT 19°C.
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FIGURE 5-122. PREDICATED NATEI? COLUMN CONCENTRATIONS, STIRRED TANK
MODEL AT 3*C.

5-171



5.5.2 Model Predicted vs Observed Oil Weathering BehaVoir from Flow-through
Seawater Wave Tank Experiments at Kasitsna Bay

In order to further access the rel~abllity and accuracy of the oil

weathering model, it was also applied to the experimental spill conditions of

the Kasitsna Bay wave tanks. The flexibility of the program allowed for minor

adjustments of various constants as well as initial spill condition input.

For example, a better agreement between observed and predicted viscosity was

obtained by changing one of the mousse formation constants from a default

value of 10.5 to 12.5 (see Appendix B-- Oil Weathering Users Manual ). The

different equations contained in the program are empirical in nature, and not

to be seen as absolute; thus minor modifications by the users are not only

allowable but encouraged.

5.5.2.1 Verification at 55gF

Listed below are the input parameters, dictated solely by init~al

spill conditions, for the three wave tank spills in the summer of 1982.

Temperature in degrees F = 55

Spill size in barrels = .1 (16 1)

Wind speed in knots = 2

Slick spreading = OFF

Slick thickness in cm = 1

Better agreement between observed and predicted oil behavior was

obtained by slight adjustment of certain optional user specified constants.

Following are the suggested (default) values and the modifications that were

applied to modeling wave tank spills.

Constant ,

Maximum Weight Fraction H20
Mousse-Viscosity
Water Incorporation Rate
Oil/Water Interracial Tension
Viscosity-Fracti on-Oil-Weathered
Wind Speed Constant (Ka)

Suggested Value Value Used

.55 .6

.65 .67

.001 .01
30 27
10.5 12.5

.1 .075
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Using the input parameters listed above, the oi?

applied to the spill situations in the three Kasitsna Bay

in July 1982. For comparison purposes, and to eliminate

weathering model was

wave tanks initiated

data spread, experi-

mental (observed) data are expressed as the average for all three wave tanks.

Four output parameters were monitored - namely, % mass distilled, weight frac-

tion of water-in-oil, viscosity,  and dispersion flux. A discuss~on concerning

each of these parameters and how they related to experimental data follows.
.

.
Viscosity (Experimental Results inSec. 5.4.6)

&

Table 5-27 presents observed versus predicted values for oil visco-

sity at ambient temperatures, in this case approximately 55”F. A graphical

representation of these data can be found in Figure 5-123. As shown, there is

excellent agreement between observed and predicted viscosity for the f~rst 100

hours of weathering. After 100 hours, the predicted viscosity is approximate-

ly 25% higher than observed. While this deviation is acceptable, there is a

notable difference between the model’s method of calculation and the actual

method of measurement. Whereas, at the later times, ambient temperature viS-

cosity measurements were made on whole mousse (water included), the model

predicts the viscosity of the parent oil (water excluded). Taking this differ-

ence into account, and understanding that viscosity (while being a relatively

important physical property) is one of the most difficult parameters to model;m

overall agreement between observed and predicted viscosity is quite good.

Weight Fraction Water-in-Oil (Experimental Results in sec. 5.4.6)

Table 5-27 also shows observed and predicted values for water incorpo-

ration by oil, and Figure 5-123 presents the data in a graphical fashion.

Note that output data from the model lists this parameter as mass fract~on,

however it is presented here as % water (by weight). Generally, agreement

between experimental and predicted values is good, especially after 24 hours

of weathering, where the deviation is less 20% for all data points. In many

cases the standard deviation of the experimental data (presented in Table 5-tl
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rime (hours)

1

2

4

8

12

24

48

72

144

216

-.T~
Table 5-27. O&eWed  a

vs Model Predicted Data frcan the Sunmer Wave Tank Spills

Observed

68.0

130

220

340

620

690

1080

2350

5400

6200

‘i?iedicted

160

190

240

320

410

630

1300

2000

6500

8450

Water Incorporation (% by weight)

Observed

<.10

<.10

.15

<.10

● 22

18.0

34.0

49.0

50.0

51.0

Predicted

.%

1.9

3.7

7.4

10.0

19.0

33.0

44.0

58.0

60.0

Dis~rsion  Flux (g/#/hr)

Observed

1 . 1

1 . 1

1.0

.91

.80

.55

.28

.16

.070

.050

a- Based on the average values frau three wave tanks

b - Observed viscosity data were o~ained at ambient temperat~e (averaging 58%) while

Predicted

1.2

1.1

.99

.86

.79

.62

● 43

.35

.19

.17

. .

predicted val~s were calculated using a Ixmperature of 55°F.
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in Section 5.4.6) would include the predicted value. Initially, however, thl

predicted rate of water incorporation is greater than actually observed. 11

this case, however, stable mousse was not generally formed prior to 24 hour

of weathering (required for removal of low viscosity distillate cuts up t

n-C9), and as such, the higher predicted rate of initial water incorporation

is not considered to be terribly significant. Additional modifications to’!h

water incorporation rate constants might provide better fit initially, but $h

overall fit out to 200 hrs is nevertheless quite good.

Dispersion Flux (Experimental Results in Sec. 6.2)

Dispersed oil was measured in

ug/1) of discreet oil droplets

persed oil concentration (sum

flux the following mathematical

Assuming VX = -Vc+

where V =

dc/dt =

v =

c =

allb=

and t =

UL

tank volume =

the change in

the tank flow

concentration

in the

of the

the wave tanks as concentration (i.e.

water column. In order to convert dis

total resolved and UCM) to dispersio

calculations were employed.

ae-bt (5.2

2800 1

concentration as a function of time

= 0.26 l/see

of dispersed oil in g/1

constants to be determined

time in seconds

the mass in the tanks at any given time (V $), equals the mass removed due t

water column turn over (-vc) plus the contribution due to dispersion flu
-bt(ae ).

Rearrangement yields:

(5.3
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+
Multiplying through by the integration factor e gives

‘tV dc ‘ t
7e

(-b + ;)t~+~ce ‘+e

which is

v
+d ce a (-b +~)t

@ dt ‘ Ve

Integration yields

‘tv a/V e(-b  + ~Jt +  c o n s t a n t
Ce

‘p

Att=O, c=O S O

o = a/V— + constant

+ -b

a/Vor constant = - —

+ -b

Substituting the constant into (5.6) yields

‘tv . a/v e(-b + f)t a/Vce — -—
.V

+ -b” v -b

or

‘ta / V- e-bt vc =— a/V e-V-—
+ -b ~ -b

Vt

which yields c =&V e-bt- eV

(5.4)

(5.5)

(5 .6)

(5 .7)

(5 .9)

(5.9)

(5.10)

(5.11)
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Attempts were made to choose constants a“and b such that the experl

mental cot?centratlon  values could be matched for any given time. Succes

using this single exponential decay equation. was limited, therefore a doubl

exponential decay equation, present below, was used.

al -bit + az -b2t -;t

Ctotal= c1 ‘c2=~e- ‘ e +T@e ‘e (5.1;

Where, as before, values for constants al, “bl, a2 and b2 were chos~

in order to match experimental concentration data.

The table below presents the observed and calculated dispersed 01
-4 -5concentration values using al = 3 x 10 , bl = 10 , a2 = 3 x 10 ‘5 and b2

10-6

Time (Hours)

2
4

1;
24
48
72

216

Concentration (mg/1 )
Experimental Calculated

;:;
2.3
1.1
1.2
.63
.32
.14

*60
.86

1.0
.92
.65
.33
.19
.054

Once the proper values for the constant were determined, the dispef

sion flux (g/m2/hr) can be calculated by:

-blt -b2t
Flux = ale +ae2

(from the initial assumption)

Numerical values and a graphical representation ‘of observed vers~

model predicted flux can be found in Table 5-27 and Figure 5-123 respectivel~

As can be seen, excellent agreement between observed and predicted flux -

observed, especially during the first 24 hours following the spill. Al thou(



‘+

predlcteci flux values are generally a factor of two higher than the observed
dispersion rates after 48 hours, these comparisons show that the model 1s

indeed in the correct range for dispersion predictions. In all l~kelihood,

further adjustments of the constants al, bl, az, and b2 or the use of a triple

exponential decay equation, would facilitate even better agreement between

experimental and predicted dispersed Oil rates.

% Mass Distillable “

Experimentally, the mass of the slick evaporated was converted to %

distillable by utilizing FID-GC chromatographic  data from the weathered oil

characterization (Section 5.4.7). Assuming that only 60% of the fresh P~udhoe

Bay crude is chromatographable, time zero percentages were normalized from

100% to 60%. Knowledge of n-alkane boiling points coupled with normalized

percents of mass evaporated from the slick yields temperature versus % d?s-

tilled plots like the ones presented in Figures 5-124 and 5-125. l~kewise,

Figures 5-126 and 5-127 show similar curves for total distillable hydrocarbons

(di sreg~rding non-chromatographable

Figures 5-1’24 and 5-126

data) mass balance and total distil

58°F with a 2 knot wind. Figures

dieted by the model, for the same

served mass balance distillation)

oil components}.

present the observed (calculated from GC

lable curves for wave-tank weathered 011 at

5-125 and 5-127 show similar curves, pre-

spill. A comparison of Figure 5-124 (ob-

with Figure 5-125 (predicted mass balance

distillation) shows reasonable agreement from curve to curve. The most nota-

ble discrepancy between the observed and predicted curves is that the model

predicts that approximately 52% of the oil weathered for 2$)3 hours could be

distilled at 800”F whereas observed data for 288 hours gives a value of approx-

imately 47%. Also, the general shape of the curves is sllghtly different--in

the mid-range temperatures the model constantly predicts 10 to 20% less mass

distilled than shown by observat~on (i.e., more oil has already been lost to

evaporation during environmental weathering as predicted by the model).
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Figure 5-125. Predicted Mass Balance Distillation Curves for Oil Weathering
in the Wave Tank Experiment at 55°F with a 2 knot wind. -
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STEN=  27, K13= 50, VC)L=
Q ~,n:~
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+A O n
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+A a c1

+A o ❑

+A o u

o c1

n n

c1 T
OIL WZ.AT21E3 YMES

❑ u= ZERO HOURS

a = 143 HOURS
= 293 HOURS
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% MASS DISTILLED

0.0

Figure 5-127. Predicted Total Distillable Boiling point Distribution
for Oil Weathering in the Wave Tank Experiment at 55 F
knot wind.
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Inspection of Figures 5-126 .and 5-127 .show similar diffetien~es

between observed and predicted total distillation curves. As in the mass

balance distillation curves, the predicted % mass distilled for total

distillable is 10-20% less than the observed % total distilled at any “given

temperature.

A possible explanation for the dbove mentioned differences may lie In.
the method of calculating % mass distilled from GC data. Whereas, the model

prediction is based on true distillate cut characterizations, supplied b%

Coleman (1978), the calculation from raw GC data to % mass distilled invo[yes

a necessary conversion ‘that treats hydrocarbons heavier than n-czs as non-

chromatographable. The data must be treated this way in order to adjust non-

chromatographable  mass % to match % non-distillable (pot residue). This proce-
dure may not be totally accurate, and could possibly be the cause of varia-

tions between observed and predicted temperature vs. ‘Z mass distilled curves.

5.5.2.2 Verification at 30°F

Further verification of the oil weathering model was undertaken by

applying it to the fall/winter wave tank experiment, where the average air

temperature was approximately 30°F. Again, minor modifications in the program

were used to facilitate better agreement. The Initial spill conditions in

this case were:

Temperatures in degrees F = 30

Spill size in barrel = 0.1 (16 1)

Wind speed in knots = 2

Slick spreading = OFF

Slick thickness in cm = 1

Slight adjustments of some optional user specified constants were

again useful and those changes are noted below, along with the models

suggested values.
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Constant Suggested Value

14aximurn Welgtlt Fraction H2U - .55 .5

Water Incorporation Rate .001 . 0 0 3 ,

oil/Water Interf”acial

Viscosity-Fraction-Oi

Using these

Tension 30 27

l-Weathered 10.5 1 4

input parameters the model was applled to the wave tank

spill initiated in November 1982 at Kasitsna Bay, Alaska. Output predictions

are again compared to experimental data, as “with the summer spills, with one
exception - no experimental data were obtained for water incorporation.

Therefore, only viscosity, ~ispersion flux and % distilled (evaporation) are
addressed.

Viscosity at 30*F

Table 5-28 presents experimental ambient temperature viscosity data

and model predicted values for wave tank oil as it weathers at approximately

30”F. A graphical presentation of these numbers can be found in Figure 5-128.

Clearly, the agreement between predicted and observed viscosity is not as good

a s  i n  t h e  s u m m e r  s p i l l  ( F i g u r e  %123). I n i t i a l l y ,  t h e  p r e d i c t e d  v i s c o s i t i e s

at 30° are two to three times higher than measured values; however, after 8

hours the observed viscosity increases rapidly and predicted values tend to be

quite depressed. Nevertheless, the final time point at 288 hours gives reason-

able agreement with the observed viscosity at 11,5U0 centipoise and the pre-

dicted viscosity at 16,000 centipoise. While the same arguments, regarding

differences in model calculation vs. actual measurement, apply to the fall

spill as well as the summer spills, another factor must also be taken into

consideration. Experimental varience in the data was accounted for in the

summer spills by having triplicate viscosity measurements available; because

only one wave tank spill was iniated in the fall, these data are somewhat leSs

reliable. Also, in both cases, the model predicts spill behavior based solely

on one temperature Input and, naturally, there is a wide daily temperature

range during field measurements of viscosity. For example, the time zero
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Table 5-28. Observed vs Moc3el. Predict~ Data tran &it2 Fdl.l@inter Wave
Tank spill

I!iitw (Hours)

1

2

4

8

12

24

75

144

288

Viscosity” (centipoise)

observed I Fraicted

270

280

580

2200

2900

5600

8700

9800

xl ,500

730

830

980

1200

1300

1800

3400

6400

16,000

oheryed

.96

.90

‘.78

.69

.45

.097

.035

.030

Predicted

-

.71

.65

.59

.56

.49

.36

.26

.17
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Figure 5-128. Observed Vs Model Predicted Data for the Fall/Uinter Spill in
Wave Tank #4 for (A) Viscosity, and (B) Dispersion Flux.

5-187



i

observed viscosity was take”n at noon while the temperature was approx~mate’

40”C but the 12-hour measurement was taken at midnight with a temperature [

29”C. Since viscosity is so very temperature dependent, temperature fluctui

tions such as these are reflected in the actual measurements, but not in pr(

dieted values. Taking these arguments into account, the agreement betwe(

observed and predicted viscosities at 30” is reasonable.

Dispersion Flux

@

Dispersed oi~ flux for the fall spill was calculated from concentri

tion data in the same manner as described for the summer tanks. Values fc

the constants al, b2, a2 and b2 were chosen to m~ke the calculated dispers~

oil concentration match the measured concentration as closely as possibl~

The table below presents the observed and calculated dispersed oil concentri
-3 -8

tions using al = 10 , bl = 10-5, a2 = 3 x 10-5, and b2 = 10

Time (Hours)

1
2
4
8

12’
24

144

Concentration (mg/1 )
Experimental Calculated

1.5” 1.1
2.2 8

2.1 ;:;
3.7

● 47 ;::
.36 1.9
.14 .14

Table 5-28 and Figure 5-1.28 present the “calculated observed” and mc

el predicted flux data. The agreement seen between predicted and experimental

flux values seems quite reasonable. Again, refinements in the calculations of

flux from measured concentrations could possibly provide a better fit.
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% Mass Distillable

GC data, for oil weathered in the fall wave tank spill, were treated
in the same fashion as described previously for comparisons of observed and

predicted % mass distilled. Figures 5-129 through 5-132 present temperature

vs. % mass distilled curves for the fall spill at Kasitsna Bay. Inspection of

the graphs reveals differences in “GC observed” and predicted distillation

behavior similar to those found in the sunrner spill case. “At 30° the curve

snape of the observed dat~ is skewed in the same fashion as at 55”, compared

to the respective model predicted curves. Likewise, the total % mass dis-
tilled at 800°F after 288 hours of weathering (Figure 5-129) is somewhat less

than the model predicts (i.e., 47% observed compared to 53% predicted). one

similarity worth noting can be seen by comparing observed data at 55° and 30”
(Figures 5-124 and 5-129) with model predicted data at 55° and 30° (Figures

5-125 and 5-130). Note that in both observed and predected cases the curve

for the % mass distilled after eight hours is shifted further to the left of

the time zero curve at 55° when compared to 30°. This means that at 55° more

of the predicted and observed oil mass has evaporated than at 30°, and that on

distillation, a higher temperature would be required for the oil weathered at

55” before the first drop of the weathered oil could be distilled.

Considering the inherent problems, such as experimental error, bound-

a ry conditions and changing weather conditions, overall agreement between

observed and model predicted weathering phenomona is quite reasonable for the

wave tank spill scenarios. In particular, the agreement in observed and pre-

dicted time series c h a n g e s  In v i s c o s i t y ,  % w a t e r  Incorporation, d i s p e r s i o n

flux and dls~lllation  trends for the amb~ent temperatures studied, adds

further credence to the applicability of the oil weathering model towards

predicting oil weathering behavior in a variety of subarctic conditions.
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wind.
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6.0 OIL/SUSPENDED PARTICULATE MATERIAL INTERACTIONS

6.1 Effects of Oil on SPM Settling Rates - La Jolla Studies

During the first half of this program, oil/suspended particulate
material interactions were stud~ed to determine adsorption/desorptlon  rates at

different temperatures and to determine the affects of these processes on

sedimentation rates with various types of particulate material. These studies

were undertaken with fresh Prudhoe Bay crude oil and Prudhoe Bay crude which

had undergone evaporation/dissolution weathering for 48 hours. The presence

and absence of the dispersant Corexit 9527 (10 parts oil to 1 part dispersant)

were also incorporated as experimental variables, and three types of rela-

tively pure sediments were utilized (carbonate, silica and deep basin clay;

Table 6-1). Sedimentation rate determinations were made using a Cahn 2000

series sediment balance, and a particle size range of 4.0 $ to 9.0 $ (62 WII to

2 um) was used.

The sediment material being analyzed was added to the stirred chamber

shown in Figure 6-1, and aliquots were taken at times O, 3 hours, 24 hours and

48 hours for analyses on the sediment balance. The data were then analyzed to

yield final wet and dry weights of (settled) particulate and according to the

Waddell settling equations to yield mean, median, skewness and kurtosls data

on the grain size distribution.

mddsl %ttlfm fofaJ18 .

K
T-T (6.1)

*m T - Mm (m-has)

D  ●  d?~tar  {mlcrwtet%)

Jl!d
0.3 h v 106

‘= (ds-dl)g
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TABLE 6-1. GRAIN SIZE AND M4JOR METALLIC CATION BUNDANCES FOR INITIAL
OIL/SUSPENDED PARTICULATE MATERIAL EXPERIMENTS.

Dispersive X-ray Analysis (SEM)

Samole

Commercial Diatomite

Milled Foram Sand

San Nicolas Basin Clay

X!!m
Commercial Diatomite

Milled Foram Sand

San Nicolas Basin Clay

Relative Atom %
Mcj Al Si K Ca Fe

93 - 6

2 2 12 - 85

2 6 4 8 . 3 35

Grain Size Information

Median Mea n Skewness

5.5 - 5.5 . + .03

5.4 -5.9 + .25

5.5 5.8 + .19

1

1

6

Kurtosis

1.0

.8

9.9
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FIGURE 6-1. ALIQUOT CYLINDER ASSEMBLY FOR INITIAL OIL/SPM INTERACTION STUDIE!
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GRAPHICAL STATISTICS

Skewness

Kurtosis

Mean

Median

Results from

095- j35
2.44 (975-975)

+ 95+$95- 2fl150 (6.3)
2(095- f15

(6.4]

(6.5)

= j3 size at 50% cwulative weight (6.6)

these initial studies were presented in detail in thq

September 1980 Interim Report (PAYNE et al., 1980). Essentially only very

sllght perturbations in SPM sett?ing characteristics were observed’as  a result

of oil, oil plus Corexit,  and mousse interactions. Tables 6-2 and 6-3 present

the results from initial interaction

and deep basin clay (San Nicolas),

subtle changes in the median and mean

substrate types were observed for the

dld not have as significant an effect

a sumnary of the settling experiments

and 0?1 plus Corexit. Results of the

studies completed with diatoinite powder
respectively. From these results. some

sediment size characteristics with both

oil-Corexit mixtures; however, oil alone

on these parameters. Table 6-4 presents

using San Nicolas Basin sediment and oil

first two runs with oil and the Corexit-

oil mixture indicated minor interactions which can be detected in the settling

rate data. The small increase in phi size (decrease in grain size) for both

the median and mean and the decrease in settled weight percent are indicative

of some buoyant force at work and/or of adsorption of oil, decreasing the

effective density of the particles below a critical size (FEELY et al., 1978;

BASSIN and iCHIYE, 1977). The largest settled weight differences occur in the

oil/Corexit sediment experiments; however, the median, mean, skewness and

kurtosis were not as drastically affected by the oil or oil plus Corexit inter-

action. Time-series changes in the phi size, skewness and final weight set-

tled as a result of oil exposure are shown In Figure 6-2, and while the affect

of exposure on all three parameters is statistically significant, their over-

all perturbation to SPM characteristics were considered to be minor.
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TABLE 6-2.

Sample Addition

A .OIN
CaigOn

Run #4 ---

Run #5 ---

Run #6 ---

Run #7 Oil only

Run +8 Oil-
Corexi t

Run #9 Oil-
Corexi t

Run #10 Oil-
Corexi t

Run #11 Oil-
Corexi t

INITIAL INTERACTION, STATISTICAL EFFECTS OF DENSITY, DISPERSANT,
AND SAMPLE WEIGHT ON DIATOP!ITE POWDER AT 23°C.

~ Method of Dry Wet wt$
Injection w=

.997 30CC in 200 nlg .57
cent. tube

1.025 30CC in 200 mg .51
cent. tube

.997 40cc in 300 mg .56
cent. tube

1.025 6CC i n 160 mg .50
10CC syringe

1.025 30CC in 205 mg .51
cent. tube -

1.(324 30CC i n
cent. tube

.997 30CC in 204 mg .52
cent. tube

.997 30cc in 208 mg .56
cent. tube

.997 separate 211 mg .59
addition of
sediment and
oi 1

Median Mean Shewness Kurtosi—  .

5.50

5.37

5.57

5.47.

5.42

5.59

5.50

5.70

5.59

5.49

5.41

5.49

5.50

5.50

5.84

5.50

5.70

5.73

+.03

+.11

-.38

+.13

+.98

+.16

+.03

+.03

+.08

1.04

1.13

1.06

1.27

1.11

JQ

1.05

.98

1.05

* Ratio of sedimentation balance weight (weight of sediment in
water)/dry weight of added sediment.
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TA8LE 6-3. STATISTICAL SUMPt4RY OF DEEP BASIN CLAY (SAN NICOLAS] ANBIFJT
TEMP (23°C), SEAWATER, MIXIF& TIME= 15min.

7/22/80

7/23/80

7/21/80

7/28/80

7/24/80

Oi 1 ~::e:i ~ ~u:oi.-~i ~ Median Mean Skewness Kurtosis Final Wt, ~
Q“

--- --- 4 . 0 5.53 5.80 +.19 .75 108.9  1

- - - - - - 4 . 0 5.32 5.51 +.21 .89 105.5 1

x x 2.5 - 4.89 5.3T +.37 .98 72.5

x x 3.5 4.92 5.35 +.35 .95 71.9

x --- 4.0 5.36 5.75 +.26 .87 91.7 ~

Run Reproducibility

.
Mean -. Skewness Kurtosis Final ‘At

Sediment 5.66* 0.2 .21 * .01 .82* .1 107* 2.4

Sediment-oil-Corexit 5.33* O*O3 .36 + 0.1 .97* .02 72.2 t 0.
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1.

2*

3.

4.

5.

6.

7.

8.

.

TABLE 6-4. SUMMARY OF SAN NICOLAS BASIN SUSPENDED PARTICULATE MATERIAL ANO
FRESH PF?UDHOE  BAY CRUDE OIL INTERACTIONS.

Additive

none

oi 1

oil ‘

oil

oil & corexit

II II

11

II

CONDITIONS

temp.

23°C

It

II

II

II

11

II

II

time

o

3 hrs.

24 hrs

48 hrs.

.
0

3 hrs.

24 hrs.

48 hrs.

median

5.25

5 . 5 0

5*79

6.03

5.25
.

5.13-

5.30

5.91

mean

5.47

5.69

5.91

6.02

5.28

5.39

5.30

6.13

STATISTICS

skewtiess

+ .21

+ .17

+ .11

+ .005

+ .90

+ .28

+ .08

+ .12

kurtosis

.91

. 8 7

.94

.90

.75

1.05

.85

.81

final weight
recovered

(wet)

78.4

77.5

74.3

71.5

44.70

26.32

34.05

31.15
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.

6 . 2

6.0

0 s.a

S.6

5.2

5.0

0.1

9.3

.

26
T

.

c? 24
T

FIGURE 6-2. GRAPHICAL DISPLAY OF THE AFFECTS OF THE INTERACTION TIME FOR
SAN NICOLAS BASIN SEDIMENT AND FRESH PRUDHOE BAY CRUDE OIL ON
MAJOR STATISTICAL PARAF%TERS (SEE TABLE 6-4 ) . THE EFFECT
OF TIME ON ALL THREE PARAMETERS IS STATISTICALLY SIGNIFICANT
BUT NOT CONSIDERED TO BE MINOR.
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6.2 DETAILED ANALYSES OF SUSPENDED PARTICULATE MATERIALS CHARACTERISTIC
OF LOWER COOK INLET ALASKAN WATERS

6.2.1 Selection of Representative SPM Sources for Extended Oil Adsorption
Studies

As a result of the above findings, examinations of” phi size and set-

tling characteristics of oil/SPM mixtures were discontinued, and attention was

directed instead towards the compound specific nature of the oil suspended

particulate material interactions. Further, in an effort to satisfy environ-

mental manager’s needs with regard to oil/SPM interactions in Alaskan waters,

attention was focused on the compound specific adsoprtion  of petroleum hydro-

carbon components onto sediments and fines representative of Lower Cook

suspended particulate material.

Thus , during the Spring 1981 Kasitsna Bay program, studies

Inlet

were

initiated to locate intertidal sites having significant deposits of sediment

fines representative of Lower Cook Inlet suspended particulate material, and

samples of these sediments were characterized as to their physical and com-

pound specific oil retention properties. From the results of these initial

investigations, three intertidal sites were selected as sources of divergent

but representative samples of Lower Cook Inlet SPM. These sediments were then

used for outdoor flow-through oil/SPM interaction experiments during the sum-
mer 1981 and 1982 programs at

Figure 6-3 presents

Kasitsna Bay.

a navigational chart for the Lower Cook Inlet/

Shelikof Strait area, and Figure 6-4 shows expanded detail of the Kachemak Bay

region. Sampling sites for initial SPM characterizations were selected using

“Cook Inlet-southern part, navigational chart (1:200,000)-NOAA,  C&GS 8554”;
and the unpublished Environmental Sensitivity Index (ESI) for Lower Cook Inlet

(RUBY and MAIERO, 1979).

Suspended particulate material in Kachemak Bay was considered to have

four primary sources:
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8 Marine waters Introduced to Kachemak Bay by tides and currents”
from Lower Cook Inlet {Gulf of Alaska and She] ikof Straits)

● Glaclal melt waters

e Terrestrial sources-runoff

s Marsh detritus

A secondary source to any site was also considered

of sediment through wind and wave scour and transport of
actions and long-shore and bottom currents.
@

to be resuspension

sediments by tidal

such that 3 sediment

suspended particulate

The Spring 1981 sampling program was designed

types which were representative of Lower Cook Inlet

material could be obtained, and these included: pure glacial till, tidal

flats supported primarily by marine deposits and tidal flats supPorted bY

marsh detritus and terrestrial runoff. To represent these sediment tYPes,

four primary sites were

6-4 as KB-1, KB-2, KB-3

ment floe were obtained

lower tidal excursions.

selected for sampling and these are shown on Figure

and K“B-4. At each site, fine partlculates and sedl-

from the upper 1 to 2 cm of deposits exposed during

Detailed descriptions of each site follow.
e

K!3-1 : Grewingk Glacier Delta and Melt Stream

This site 1s characterized as a large, protected, delta subject to

tidal marine flushing and fresh water input from the Grewingk Glacier melt

stream.. The glacier is central and 3 to 4 miles southeast of the tidal flat

which is bounded on the west by a wide gravel spit oriented southwest to north-

east as formed by northeasterly moving tides and longshore Currents in
Kachemak Bay (Figure 6-4}, Glacial sediments were found directly behind the

tip of the gravel  spit at the point that the glacial waters met the marine

waters which were drait?~ng from the southern section of the flat. These de-

posits of glacial silt (2-5 mm thick) formed a mat which could be removed from

underlying sediment, and samples of this material were obtained for oil/SPM

characterization studies. The exposed surfaces of small to medium cobble lt’t
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the area were also covered with a similar mat of glacial silt, but quantita-

tive sampling of this material was not possible. The richest glacial deposits

were restricted to an area of approximately 800 meters 2 out of approximately

20,000 metersz inspected.

The influence of glacial melt waters served to Increase biological

productivity as evidenced by

cant numbers of amphipods.

flat. Bird use of the area

lower than expected.

large stands of Ulva sp. accompanied by signifi-

Filamentous  brown algae were ubiquitous to the

appeared moderate - evidence of bird tracks was

The glacial melt water was “milky” (bluish white) and had a fresh-

bitter

waters )

taste. The mouth of the delta (interface of drainage and receiving

was subject to erosion due to the meandering of the delta channel, and

as such, the site at which samples were taken is considered to be geologically

acti ve. Little perturbation of the area was noted on re-occupying the station

during the Summer 1981 field program; however, it was apparent that the sam-

pling site may not remain in its present state for extended periods of time.

Overall energy is low; however, localized disturbances may affect the subject

sediment when incoming or outgoing tidal waters covering the flat are a few

centimeters to a 1/3 meter deep (or depth equaling fetch height) so that wind

driven waves can scour the bottom. Further discussions of the results of

oil/SPM interaction studies using the substrate from KB-1 are presented in

Section 6.3.

KB-2/China Poot Bay - Mud Flats

The area at which samples were taken is common to protected tidal

flats in Lower Cook Inlet and Prince Wil 1 i am Sound (RUBY and MAIERU, 1979).

The sampling site is located on the southwest section of the flats, and this

site is protected from wave energy by a long, curved gravel spit forming the

boundary between China Poot and Kachemak Bay (Figure 6-4). There 1s no source

of fresh water immediately adjacent to the sampling site. The sources of
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.

sediment at this site are expected to be primarily of marine (i.e. , outer bay)

origin. The flat is very high if! biological productivity - clams, polycheates

and amphipods were abundant. It is apparent that benthic organisms are con-

stantly reworking these sediments - fecal, pellets and burrows were in profu-

sion, and for the most part, the sediments appeared to be well oxidized with

little or no evidence of H2S.

The sampling area included “random” surficial samples taken from the

sloping face of the flat (slope of 1:12 on the” lower face to 1:23 on the upper

face) and the. flat itself (average slope along transect of 1: 75). The sedi-

ments on the slope face (to a depth of approximately 10 cm) consisted of a

thin veneer of brown organic sediments in a consolidated mat having a thick-

ness of 2 - 5 m overlying black silt/sand homogeneous, well oxidized sedi-

ments. These sediments were well packed and did not yield to any degree to

foot pressure. In comparison, the sediment composition on the flat proper was

visually alike the sediments of the slope; however, the underlying black sedi-

ments were in a moderately reduced state (moderate t12S noted). Sample KB-2B

was obtained from these reduced sediments while KB-2 was obtained on the O-1

cm subsection from the slope face. Biological activity was higher on the

flats compared to the slope face (evidence of siphon holes, etc.) and inter-

stitl”al water was observed in each cross-section of sediment. The upper flat

sediments were not as firm as those of the slope so that foot pressure could

easily cause a depression. The reduced state (notable H2S present) may be a

function of the ability of the flats to: drain quickly, increasing retent~on

of organics (as opposed to wave action gently scouring the somewhat steeper

slope with each tidal cycle), heating of the tlats by solar energy (slope

would be subject to direct sunlight during a limited portion of the sun’s

arc), and increased bacterial activity.

KB-3, Kasitsna Bay - Composite Shell Fragments, Sand and Mud

The Kasitsna Bay sediment sample was taken from the interior of the

bay along a tidal flat adjacent to Nubble Pt. (see Figure 6-4). The mud flats
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are located on the east side of a small spit located in the western interior
.

of the Bay. Wave energy is minimized in this portion of the bay because of

the short distance between spits; however, tidally generated currents appear

significant. The sampling station lies at the foot of a sand/cjravel beach

having a moderate slope (1:17) to the high tide wrath and a steep slope (1:9)

from the high tide to the maximum storm tide wrath on Nubble !%.

The sediments on the protected flats consist of an unsorted matrix of

sand, gravel and shell fragments bound tightly together wl~h silts and organic

materials. The nature of the components in the sediments indicate that mate-

rial is transported to this area as a result of bottom scour (tidal) and long-

shore transport. Biological productivity is high. The flats were populated

with vegetation stands of Ulva, Fucus and Enteromorpha  accompanied by Mytilus,——
Balanus and numerous polycheates  and amphipods. The holdfasts  of the plants

and byssal threads of the mussels appear to play a significant role in trap-

ping sediments on the flats.

The sediments at this station were unique to the sediment samples

collected during the spring season. Sediments sampled at other sites were

fairly well sorted and somewhat homogeneous. Bottom scour did not seem to

contribute to the sediment at the other stations and shell fragments were not

as abundant. This station appears to contain representative composite of the

components of the other stations sampled.

KB-4. Seldovia Bay - Salt Marsh in Umer Bay

The sample from this station was taken in a submerged tidal channel

in the Spartina sp. marsh at the head of Seldovia Bay. The marsh lies to the

north of Seldovia River (Figure 6-4).

The sediments of the marsh are composed primarily of organic, decom-

posing detritus originating from the Spartina marsh. The normal cycle of the

marsh is to die back in early winter and regrow in spring of the followlng
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year. When the “marsh plants die back, the dead vegetative material is matted

down, by wind and snow to form a thick vegetative cover over the flat. New

shoots sprout from the rhizome mat in the spring pushing through the decompos-

ing vegetative mat. In spring, the old vegetative mat decomposes Introducing

a significant amount of organic material to the marsh channels and flats in

the vic~nity of the marsh. Our sampling effort occurred during the stage of

regrowth/decomposition.

The sampling station is adjacent to the mouth of Seldovia River.

Incoming tides transport the fresh water runoff (overlying the denser marine

wedge) onto the marsh so that terrestrial sediments may be deposited. with

marsh detritus. The transport of fresh water onto the marsh was confirmed

during sampling as incoming tidal waters tasted totally fresh.

The marsh was rich in invertebrates and showed signs of heavy bird

use (tracks).

Table 6-5 presents an overall description of the sediment/SPM samples

collected at each site, and Table 6-6 presents size-compositional data derived

from visual and microscopic observations of the samples collected from the

four sites. From these examinations a pure form compositional diagram for the

samples was prepared and is presented in Figure 6-5A. Figure 6-5B character-

izes the sediments as far as suspected sediment source.

Immediately after these samples were collected, they were extr~cted

and analyzed at the Kasitsna Bay facility for background biological and poten-

tial petroleum hydrocarbon content (from previous spill events). These analy-

ses were completed at that time such that if the results had then indicated—
previous petroleum hydrocarbon contamination, alternative sampling sites could

have been selected and sampled during the spring 1981 program before returning

to La Jolla. Particular attention was paid to the sediments from KEI-4, the

Seldovia River salt marsh, because of a

Seldovia Bay (down stream) during 1978.

Bunker C spill which occurred in

observations were completed during
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I
TABLE 6-5. OBSERVED CHARACTERISTICS AND OVERALL DESCRIPTIONS OF SEDIMENT/SPM SAMPLES COLLECTED DURING

THE SPRING 1981 KASITSNA BAY FIELD PROGRAM.

1 2 20 3 4

Scdlllll?llt Glactal Silts silt s i l t Organics, Siit Organlcs,  Silt
ConJmnent Fine sand Fine sand Fine sand Fine-swdiun  sand I

Gravel Gravel, shel i fraq.

Sediwent Sandy Silt Sandy Silt Silty Sand Conglomerate Detritus/Sll t
Classification

‘loo o-5 15-30 15-30 1 5 - 3 0 o-5

kfet: Net: Het: Uet: Met:

Gray bronn color. Very Green brown color. t4uddy - iironn black color. Silt Brown color. Silt and
fine sediments, easy to

Brown color. Silt and
suspended easf ly, heavier suspended easily and sand organics suspend easiiy.

suspend - remahs  in fraction forms a “clay” on (black) settles quickly. Organics appear to be a
plant fiber suspend easily.
Fibers settle first followed

suspension easily. Silts the bottom of the trap - Send forms the m jori ty of flock or mocoid sand,
gray when in suspension- Remains in suspension

by the very small sandy siit-
the saqle,  silts remain in

settie  portion brown.
gravel and shel 1 fragmsnts a ssull fraction of the

easily. suspension seasily. settle easily. Organics silt remsins  in suspension

Dry: Ory:
approx. 50% of sa~le. over 8 hours.

Dry: ,
Dry : Dry:

Blue gray color - Sample Gteen gray color fragments Gray black color. Very fine
cemn ts together when dry. eastly but needs sufficient sand is black in color. Brown gray coi or. Sa~le Brown color. Drys as siit/
Sufficient pressure needed pressure to reduce i t al 1 Drying causes cltarping cements together-difficult fiber mstrix.  Flakes when
to break sa~le apart. the way to powdered form. rather than layin9  ~der, to break apart. Silt and broken. Easy to powder.

easily. organics  act as a strong
bwding  agent.



TABLE 6-6. SIZE COMPOSITIONAL DATA DERIVED FROM VISUAL AND MICROSCOPIC OBSERVATIONS OF SPM SAMPLES
COLLECTED FROM INTERTIDAL SAMPLING SITES KB-1, KB-2, KB-2B, KB-3 AND KB-4 (SPRING 1981
KASITSNA BAY PR!)GRAM).
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Pure Form

4’

Gravel

1 - SiltS, sand
2 -

- sandy silt (gla~ial)
sand, silts - sandy silt (marine]

2B - silts,” sand - silty sand (marine)
3 - organics, silt, sand, gravel - conglomerate {marine)
4 - organ ics, silt - silt (organic)

. Glacial Marine Terrest. h ish

Glacial 1 1

marine 2,29,3 4

Tewest. id

I
Harsh”

.

FIGURE 6-5. (A) FIELD ESTIMATED SIZE COMPOSITIONAL _DIAGRAM  FOR SEDIMENT/SPM
.$.Ar~pLES COLLECTED DURING THE SPRING 1981 PROGRAM; (B) SEDIMENTARY SOURCE
DIAGRA$? DERIVED FROM FIELD OBSERVATION DATA.
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that spill event from vessels, aircraft and through the use of drift cards

(MAIERO and MAYNARD, November 1978), and the results of those studies had

indicated that the oil did not enter the upper end of the Bay. F~rtunately,

the capillary column gas chromatographic data confirmed that no prior contami-

nation of that area (or any of the other sites] hdd occurred, and only trace

levels of biogenic compounds were detected in most of the analyses. As a fe-

sult, no additional field sampling was requ~red during the spring program, and

the frozen sediment samples were then shipped ta La Jolla for additional char-

acterization and initial oil/S.PM interaction studtes.

6.2.2 Additional Suspended Particulate Materla? Sample Characterization by
Scanning Electron Microscopy and X-ray Ilitfractlon

upon r e t u r n i n g  t o  ouf ?abordtories in L a  J o l l a ,  CA addl~joflal charact-

erizations of the sediment/SPM samples were undertaken and these included:

specific surface area determinations, scanning electron microscopy (SEM),

dispersive X-ray compositional analyses and diffractive X-ray mineralogical

analyses.

Each sample for .5EM analyses was prepared by transferring a 55 to

57-mg sediment sample into 35 ml of deionized water. The sample was then

shaken for 15 min on a wrist action shaker; this water was then transferred to

a 50-cc plastic polyethylene centrifuge tube with a side arm to withdraw sub-

samples using a 3-cc syringe.

This

After bubbling with N2 to insure SPM

mixture was diluted twice and filtered through

filter to yield 1S5 to 139 g per filter.

w?th gold for scanrt?ng electron microscopy

SEh. Figures 6-6 through 6-15 present two

ple as shown below.

suspension, the sediment/water

a 0.2 m pore size nuclepore

filter was then

analyses on a model

selected fields from

sputter coated

1S1 Super 111A

each SPM sam-

Figure 6-6 - KB-1 Grewingk Glacial Till

Upper 0-5 m of deposits removed from Glacier Delta
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Figure 6-8 -

Figure 6-10 -

Figure 6-12 -

Figure 6-14 -

Following each set of

KB-2A China Poot Bay

Upper O-1 cm-of deposits from intertidal mud flats

KB-2B China Poot Bay

Lower 1-8 cm composite from intertidal mud flats

KB-3 Kasitsna Bay

Upper O-1 cm composite of sediment floe from protected

mud flats

KB-4 Seldovia River Estuary

Upper O-1 cm composite of sediment/detrital floe from

channel in Spartina sp. salt marsh

SEM photomicrographs, a schematic diagram is presented

which identifies the major components present.

Because the vg loading on each filter rePresents the same overall

mass/filter area, direct compositional comparisons can be made for all the SPM

samples. Thus , in Figure 6-6 it can be seen that diatoms and several larger

clay fragments make up the majority of the sample by weight, while the major-

ity of the surface is covered by less than 5-IJm clay fragments.

In Figure 6-8 of the surface O to l-cm sample from China Poot Bay,

the upper photographs show several plant fragments, and large clay fragments

while a significantly reduced level of less than 5 vm clay fragments compared

to the sample from the Grewingk Glacier delta is observed. In the lower photo-

graph for the O to l-cm sample (Figure 6-8), a large diatom and a smaller

fragment of what appears to be a diatom are present in addition to two larger

clay flake fragments as shown in the schematics in Figure 6-9. The 1 to R-cm

depth sample from China Poot (Figure 6-10) shows a higher relative composition

of clay <5 un fragments compared to the surface O to l-cm sample, although the

1 to 8-cm sample is also characterized by several diatoms and clay fragments.
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In the second field from the 1 to 8-Inn sample, another large diatom can be

observed along with several fecal pellets and smaller diatom fragments mixed

in with the less than 5-w clay fragments.

In Figure 6-12 for KB-3 (Kasitsna Bay) the photographs show exceed-

ingly high levels of diatcm fragments and several clay fragments. In compar~-

son to other sites sampled, there are significantly more diatom fragments at

KB-3, however, here too several clay fragments in the 5 micron range can be

observed.

The SEM photographs from KB-4 (Seldovia River

clay fragments (Figures 6-14 and 6-15), and in general

Estuary) show very few

the samples are charac-

terized by several large organic fragments, fecal pellets and a few diatoms.

Additional discussions of how the SEM characterizations correlate
.

with hydrocarbon adsorption potential follow the next section on oll/SPM inter-

actions (6.3), however, from the initial examination it is apparent that from

a mineralogical standpoint, all five SPM types are basically from the same

source which is believed to be terrestrial rock flour generated by glacial

action, melting snow and r’iver runoff. This is also reflected in Table 6-7

which presents the results of X-ray diffraction analyses (completed by

Technology of Minerals Co .--see Appendix G) on these and other SPM samples.

Additional discussion is presented in Section 6.3.2 on Wave Tank Oil/SPM

Interactions; however, it should be noted that quartz is the primary mineral

in the majority Of the” samples with dijution  by other minerals (kaolinite  and

feldspar) depending on the sampling site. This “dilution” is also represented

by the SEM characterizations of the rock flour from the Grewingk  Glacler

(KB-1). The other sites selected then show various degrees of dilution of

this rock flour material with other components. KB-3 (Kasitsna Bay) SPM was

primarily diluted by silica tests from diatoms and the mud flat SPM contained

elevated kaolinlte. KB-4 (Seldovia River Estuary) exhibited evidence of the

basic mineralogical material (quartz) and was diluted by kaolinite and high

levels of decay?ng organic plant material which was primarily
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Sedtint source

Table 6-7. Sedinw?nt Mineralogy as Determined by X-ray Diffracti.ona.

m-l

KB”3

K%4

KB-5

ilave

i7ave

Have

(Grewingk Glacier Spit)

(Kasitsna Bay)

(Seldovia Salt Marsh)

(Jakalof Bay)

Tank #1 SPM (Kasitsna Bay)

Tank #2 5PM (Seldovia Bay)

Tank #4 SPM (Glacial Till)

Canposition (%)

-Quartz

>50

>50

>50

>50

>50

5-1o

>50

Kaolinite

20-40

5-1o

5-1o

10-20

40-50

>50

20-40

Felds~r

20-40

20-40

20-40

20-40

5-1o

2-5

20-40
I

Calcite

None

None

None

<2

None

<2

None

Mica

<2

None

None

None

<2

2-5

<2

Sodium Chloride

Wne

2-5

2-5

2-5

None

None

None

Other

—

Gy@.n_I <2

—

—

—

Huntife <2

—

a- zwlyses canpleted by Technology of Minerals - 2030 Alameda Padre serra~ Santa Barbara~ Mifornia 93103



derived from the Spartina salt ‘marsh. The two sediment sdmples from Chlrta

Poot Bay (KB-2 and KB-2B) exhibited

to 8-cm subsection) showed extensive

with silution by plant fragments and

~nstance, the upper 0 to l-cm sample

flakes by weight

compared to the 1

6.3 COMPOUND

intermediate results in that the lower (1

concentrations of terrestrial clay flakes

diatom skeletons. Interestingly, in this

contained fewer less than 5 m sized clay

and larger contributions from plant fragments and diatoms

to 8-cm samples.

SPECIFIC OIL/SPM PARTITIONING EXPERIMENTS

6.3.1 ~ Static System Equilibrations of Fresh Prudhoe Bay Crude Oil and Repre-

sentative L o w e r  C o o k  I n l e t  SPN  T y p e s

“After the various sediment sdmples  were characterized with regard tO

compositional makeup, a series of static equilibrium partitioning experiments

were undertaken to-evaluate their relative adsorption potential for individual

components in Prudhoe Bay crude oil. From these results, three representative

sediment samples encompassing the greatest range in affinity for crude oil

adsorption were then selected for extended flow-through outdoor wave tank

experiments at Kasitsna Bay during the Summer, 1982 program. Specifically,

the Summer, 1982 experiments were designed to examine partitioning of oil

components “onto suspended particulate material as a function of the degree of

sub-arctic evaporation and dissolution weathering (see Section 6.3.2).

For the initial oil/SPPl  static equilibrium partitioning experiments,

20 grams “of each sediment type were added to filtered seawater and the mix-

tures were agitated at 23° with magnetic stir bars. Care was taken in adjust-

ing the stirring motors to insure

and 3.5 ml of fresh Prudhoe Bay

beakers were covered (watch glass)

that vortexing in the samples did not occur,

crude oil were added to each beaker. The

and the mixtures were allowed to stir for 4

days and then allowed to settle over an additional 12-hr period. At that time

the sedimentary material from the bottom of each beaker was carefully siphoned

under vacuum taking care to ensure that none of the sediment came into direct

contact witn the oil during removal. Similarly, 300-ml aliquots of the water
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. .

beneath the oil slicks were removed for determination of water column burdens.

The respective sediment arid water column samples from each experiment were

then extracted and analyzed for petroleum hydrocarbon contamination along with

unexposed sediment samples to determine background level hydrocarbon compo-

nents present at each site.

Table 6-8 presents the total resolved component and UCM concentra-

tions for the aliphatic and aromatic fractions from the sediment and water

column extracts. Specific aromatic compound concentration burdens are also

llsted for the two phases examined in each experiment. From the data in the

Table 6-8, it is possible to rank the sediments according to their overall

adsorption efficiency for total and specific petroleum hydrocarbon components,

and in the order of decreasing adsorption potential they are: KB-4 (Seldovia

River salt marsh detritus); KB-1 (Grewingk Glacial till); KB-2A (China PoOt
Bay surface sediment); KB-2B (China Poot Bay I to 8-cm sediment) and KB-3

(Kasitsna Bay composite sediments). These rankings were generated by examin-

ing the cumulative sum of the n-alkanes  and total resolved and UCM component

concentrations in the aliphatic fractions and the total resolved and UCM com-

ponent concentrations observed in the aromatic fractions for each sediment

type. Numerical rankings in the order of 1 through 5 were given to each sedi-

ment for each parameter described above, and these rankings were then summed

to arrive at an overall total to reflect each sediment type’s affinity for

oil. Specific compound concentrations were also considered in this ranking,

as were the relative water column concentrations above each sediment. That

is, an inverse relationship was observed between particulate adsorption poten-

tial and the levels of hydrocarbons observed in the water above each sediment

type, and this relationship was also used in the overall rankings.

Figures 6-16 and 6-17 present the capillary gas chromatograms ob-

tained on the sediment and water samples from the most adsorptive (13ay-4,

Seldovia River salt marsh) and least adsorptive (Bay-3, Kasitsna Bay composite

sediment) samples, respectively. Each figure is arranged as follows: Chro-

matogram “A” represents the aliphatic  hydrocarbons in the oil-exposed
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TABLE 6-8. RESULTS OF EQUILIBRIUM PARTITIONING OIL/SPM INTERACTION STUDIES (STATIC SYSTEM, 19”C).

Al IIWAIIC FRACIltUt*’
Benzenes

101.31 101.31 in-alk Total Intal l,4tll,3-dlmethyl
‘,dlllp I o “ iM &n-alk firiiibiRes . . . . . . . . . . . . . . . . W!._ -._. .QMlRes

1 Rhy - 1
,$,1 ,HN,,, t 34(J,000  13.000 26,000

h,,, P,,u\ Phdic 4,)60 o 33

Ildy  - ?A

,,d  10)4211  t )95,000 i6,000 16,000
IUU+WUs  ph.j se 3,380 0 II

I;.ly.,’u

. ..1.,,..,,1 641,000 51,000 14,000

,,118,.4111..  I’lhsw 1)0 o 17

!. iLly-3

“d imcnt fi5,000 10,000  5,000
iqUIWNI  c, 1%~ se 5.840 0 8

f Bdy-q

“MI IIIK>  II t
y

253,000262,00060,000
hlutiou~  Phds.e  Not reduced

w
m very luw

0.00 46,000 42.000
0.007 601 75

0.02 385,000 7,100
0.003 1.907 0

0.0? 9.600 22.000

0.1 2,720 0

0.06 12.000  Io,iioo
0.001 512 0

0.3 44,000 75,000

2,100 0

15
2.9

46
3.4

33
2.0

12

2.9

AROMATIC FRACTION***
Naphtha lenes

ethyl naphthalene 2-nwtlIyl I -wth 1 2-ethyi
@?L_.(!M?.Q___4 lwd.__luWJJW

62
0.56

210
1.4

i 30
0.?4

200
0.46

40

1.3

90

3.3

4
.

,29

0.16

● K. itay-1--Grew{ngh  Glacter Itll - fine 9rained  terrestrial plIIS diatoms, many flakes 5 PM and less
K. ilay-2A-Chln# Poot Bay surface I cm - arjstly . 5 M terr Dlus some plant
K. fl~y-211-Chind  poot Bay depth 1-8 CWI - aost &terial . 5 Ii
K Lt~y-3--Kasltsna  Gay cfmsol  Idated  sediment - S0% diatoms > 5 IIaI,  some terr. ~ 5 ,,m
K. Bay-4 -- Seldovia River salt marsh - organ{c plus fecal pellets

““Sediment concentrate Ion in l,g/kg, water concentration in og/ i

630 400
7.4 ),4

5543 3io
1.2 6.8

9i 83
0.63 4.4

40 370

0.49 1.3

103
9.8

96
0.1

25
0.28

125
0.12

W!iC ~rface Arga 9.1
8.2

w 15.2,, 9.1,, 11.1

440
3. I

240
2.2

89
2.3

337
2.2

1,6,7 -trlswthyi
--.l!W.L..-.

2%) ,
I .0

143
1.0

35
0.28

210

0.34

Phenanthrcnns
piwnan threne 2- IIElhy 1

(i7rf8) (19.4)

5)0 390
0.23 -

200 83

44
0.53 - ‘

71 -

““’$editoent concentration in ~g/kg, water concentration In “g/l; nwn6ers  {n parentheses are compound Kovat indices.
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FIGURE 6-16. FLAME IONIZATION DETECTOF? CAPILLARY GAS CHROMATOGRAMS  FROII  l@-4

(SELOOVIA RIVER SALT MARSH) OIL/SPM INTERACTION STUDIES:
(A) AL IPHATIC HYDROCARBONS IN THE OIL EXPOSED SEDIMENTS;
(B) BACKGROUND LEVEL ALIPHATIC HYDROCARBONS MEASURED IN UN-
EXPOSED SEDIF!ENT ; (C) AL IPHATIC HYDROCARBONS IN THE WATER COLUMN
EXTRACT; (D) AROMATIC HYDROCARBONS IN THE OIL EXPgSED SEDIMENTS;
(E) BACKGROUND LEVEL AROMATIC HYDROCARBON COMPONENTS MEASURED
IN THE UNEXPOSED SAMPLE; AND (G) ARO!’MTIC ‘H’T’DROCARBONS  IN THE
NATER COLU!IN EXTRACT.
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FIGURE 6-17. FLAME “IONIZATION DETECTOR CAPILLARY GASildHf!OMATOGRAfIS  FROM KB-3
(KASITSNA BAY COMPOSITE SEDIMENT) OIIJ SPt4 INTERACTION STUDIES:
(A) AL IPHATIC HYDROCARBONS IN THE OIL EXPOSED SEDIMENTS;
(B) BACKGROUND LEVEL AL IPHATIC HYDROCARBONS MEASURED IN UN-
EXPOSED SEDIMENT; (C) AL IPHATIC HYDROCARBONS IN THE k!ATER COLUMN
EXTRACT; (0) AROMATIC HY!IROCAREONS  IN THE OIL EXPOSED SEDIMENTS;
(E) BACKGROUND LEVEL AROMATIC HYOROCAR$ON  COP?PONENTS MEASURED
IN THE uNEXPOSED SAMPLE; ANO (G) AROMATIC HYDROCARBONS IN THE
!4ATER COLUMN  E X T R A C T .
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sediments; Chromatogram “B” represents tne background level of aliphatic  hydro-

carbons measured in the unexposed sample”; Chromatogram “C” represents the ali-

phatic hydrocarbons in the water column extract; Chromatogram “D” rePresents

the aromatic hydrocarbons in the oil-exposed sediments; Chromatogram “E” repre-

sents the background level aromatic hydrocarbon components measured in the

unexposed sample; and Chromatogram “G” represents aromatic hydrocarbons in the

water column extract. Clearly, the most significant differences appear in

considering the aliphatic fractions for the oil-exposed sediments, (Chromato-

grams A in Figures 6-16 and 6-17). The Seldovia River salt marsh sample shows

a significant unresolved complex mixture and a suite of normal and branched

hydrocarbons extending from nC-10 through nC-31. While this same suite of

compounds is observed in the Kasitsna Bay sediments, the unresolved complex

mixture is significantly smaller as is reflected in the reduced UCM data in

Table 6-8. The aliphatic  fraction chromatograms on the unexposed sediments

showed some differences, with higher molecular weight odd numbered n-alkanes

clearly predominating in the Seldovia River salt marsh sample. Specifically,
nC-23, nC-25, nC-27 and nC-29 from plant wax components are clearly the most

predominant feature in Figure 6-16B. Slightly higher aliphatic  water column

concentrations

this reflects

tial and water

are observed in the sa’mples from KB-3 compared to KB-4, and

the inverse relationship noted above for SPM adsorption poten-

column hydrocarbon burdens. “

The aromatic fractions of

very similar, however, here again

Seldovia River salt marsh sample is

individual aromatic components with

the contaminated sediments appear to be

the unresolved complex mixture in the

significantly larger, and higher levels of

KOVAT indices extending from 1400 to 1788
are noted with the organic-rich Seldovia River salt marsh SPM. The data in

Table 6-8 also illustrate that a factor of 7 increase in total aromatic unre-

solved component concentrations is noted in comparing the Seldovia River and

Kasitsna Bay sediment samples. The aromatic fractions of the uncontaminated

sediments (Chromatograms  E in Figures 6-16 and 6-17) show several significant

differences, and in particular more higher molecular weight components can be

observed in the sediment sample from the salt marsh. The large peaks near
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KOVAT index 1900 to 2200 in the middle of both chromatograms are believed to

be due to polyunsaturated components of biogenic origin; as determined by

GC/MS analyses.

Interestingly, the aromatic fraction of the water column components

appear very similar for both samples. This largely reflects the higher

compound-specific seawater solubilities  for the lower molecular” weight alkyl-

substituted benzenes  in the Kovat indices range of 700 to 874 and the limited

solubil ities of the alkyl-substituted naphthalenes in the Kovat index range of

1305 through 1542. It should be noted, in general, that the lower molecular

weight aromatics do not specifically adsorb onto the particulate material, but

that they instead reside in the water column beneath the slick. Several lower

molecular weight aromatics” are suggested by the chromatogram in Figure 6-170

of the aromatic fraction of the sediment sample from KB-3; however; their

presence may simply reflect inclusion of slightly greater volumes of water

collected during siphoning off the sediment sample.

In terms of the overall oil affinity of the five selected SPM sam-

ples, several interesting correlations can be made between the composition

data of the SPM as determined by scanning electron microscopy and the results

from the glass capillarylgas chromatographic  analyses. Specifically, the

Seldovia Bay estuary SPM had the highest overall affinity for oil, and the SEM
photos illustrate that this material was primarily composed of diatoms and

larger (greater than 30 m) organic fragments and fecal pellets. It also

contains a few clay fragments which, as will be shown below, also have a very

high affinity for oil.

The fine glacial rock flower or till from the Grewingk Glacial delta

exhibited the next highest affinity for hydrocarbons, and in many instances,

showed an equal or greater affinity for specific aromatic compounds compared

to the organic rich detrital sediments from the Seldovia Bay estuary. The SEH

photographs of this material snow that the sample is primarily very small clay

fragments plus a relatively limited number of diatoms, which no doubt came
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from the marine input and flushing of the intertidal zone. The high  affjnjtY

for oil in this instance, is believed to be due to the high surface area (on a

surface area per weight basis) due to the profusion of fine clay fragments.

Because of this material’s high affinity for oil and the fact that the near-

shore waters in many areas in Alaska receive significant contributions of 5PM

from glacial till, this sample was considered to be ideal for extended long-

term studies, and additional

(see Section 6.3.2) with kg

melt lake at the base of the

The SPM sample with

wave tank studies were undertaken at Kas~tsna Bay

quantit~es  of silt/rock flour collected from the

Grewingk Glacier.

the next highest affinity for oil was the surface

O to l-cm mat from China Poot Bay (K

sample showed it to be primarily made

occasional diatom skeleton. The 1 to

showed high affinities for aliphatic

Bay-2A). The SEM photographs of this

up of clay arid plant fragments with an

8-cm depth sample from this site also

and aromatic components; and the SEM

photographs in this case showed a higher concentration of the less than 5 m

sized clay fragments with additional input andlor dilution from diatoms. The

5PM sample from K i3ay-3 (Kasitsna Bay) which showed the lowest affinity for

adsorption, consisted almost exclusively of diatom fragments (by weight) with

a few clay fragments in the less than 5 micrometer size range appearing in the

background of the SEM photos.

The results of these initial oil/SPM interaction studies are in good

agreement wjth the work of several other authors who have investigated oil/SPM

(sediment) interactions. Several of these similarities and one striking

difference. (dealing with a previous study on Glacial till) are considered in

the following discussion.

W i t h  regard ‘to similarities,  G E A R I N G  et al .  (Igzg)  also r e p o r t e d  the

fractionation or partitioning of lower molecular weight aromatic compounds

(includlng up to 3-ring a r o m a t i c s )  into t h e  d i s s o l v e d  p h a s e  b e f o r e  a d s o r p t i o n

of the oil onto suspended particulate material and subsequent sinking. In

test tank studies completed at the Marine Ecosystem Research Laboratory at the
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University of Rhode ”Island, they found that the aromatic/aliphatic  ratio in

the sec!lment  was much lower than that in the parent oil suggesting that prefer-

ential dissolution of lower molecular weight aromatic compounds may be occur-

ring. Specifically, 2-34% of the higher molecular  weight  allphatlc, acycllc

and greater than 3-ring hydrocarbons were absorbed onto the suspended particu-

Iates and sediments in contrast to 0.1% of the more water soluble naphthalene

and methylnaphthalene components which were the predominant aromatic materials

in the No. 2 fuel oils used In their studies.

MINTERS (1978) also observed similar partitioning In studying  WJ

simulated oil spills and one mixture of aromatic compounds added to a test
tank. The petroleum derived alkanes were approximately 10 times greater in

the particulate fraction, and the lower molecular weight aromatics were at

least 5 times more concentrated in the dissolved phase.

In samples of suspended particulate material collected along tran-

sects perpendicular to the South Texas OCS near Corpus Christi, PARKER and

MACKO (1978) noted that the concentrations of higher molecular weight (nC-28

through nC-30) compounds remained relatively constant with distance from the

shore while the total particulate hydrocarbon burdens decreased with increas-

ing distance. These authors attributed this to the introduction and sorptjon

of the hydrocarbons near the shore wi th subsequent  movement  of  part iculate

b o u n d  oil w i t h  p r e f e r e n t i a l  r e t e n t i o n  o f  the higher m o l e c u l a r  weight c o m p o u n d s

d u r i n g  weather?flg. Several higher molecular weight polyrtuclear aromatic hydro-

carbons were also identified on the particulate material, and these included

al kyl-substituted naphthalenes, phenanthrenes, dlbenzothiophenes, fluoran-

threne and pyrene. Concentrations of these materials were too low for quanti-

tation; however, they could be detected by selected ion monitoring GC/MS.

Similar partitioning of lower and higher rnolecu?ar weight compounds have been

observed by DELAPPE et al. (1979) in a study designed to measure the partition-

ing of petroleum hydrocarbons among seawater, particulate and the filter feet-

ing Mytilus californianus.
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PAYNE et al . (1980) and BOEHM and FIEST (1980) also observed a simi-

lar partitioning between lower and higher molecular weight compounds in the

dissolved phase and suspended particulate material samples removed by filtra-

tion of large volume water samples obtained in the vicinity of the IXTOC-I
blowout in the Gulf of Mexico.

In a laboratory study, MEYERS and QUINN (1973) found that the hydro-

carbon adsorption efficiency (for the less than 44 m  p a r t i c l e  sized frac-

tions) d e c r e a s e d  in t h e  o r d e r  o f  bentonlte >  kaolinite  >  illlte >  monmor?lll-

nite. In~erestingly,  w h e n  Meyers a n d  Q u i n n  t r e a t e d  s e d i m e n t  s a m p l e s  f r o m

Narragansett 13ay with 30% peroxide to remove indigenous organic material, a n

i n c r e a s e  i n  a b s o r p t i o n  p o t e n t i a l  w a s  n o t e d . These authors concluded that the

organic material (which was presumably humic substances) presumably masked the

sorption sites on the sediment thereby reducing the available surface area for

adsorption of the organic compounds. SEUSS (1968), on the other hand, has sug-

gested that a 3 to 4% organic material coating on clay will

p r o c e s s e s  b y  p r o v i d i n g ,  in e f f e c t ,  a  lipophillic  l a y e r  t o

h y d r o p h o b i c  binding. These findings would be more in line

presented here in comparing the adsorption potential of

enhance sorption

enhance non-polar

with the results

the organic rich

materials from the Seldovia River estuary (KB-4) to the composite diatom rich

sediment samples from Kasitsna Bay (KB-3).

In a laboratory study, ZURCHER et al. (1978) considered the dissolu-

ti on, suspension, agglomeration and adsorption of fuel oil onto pure kaolinite.

In their studies, as in ours, the dissolved water column samples showed sig-

nificant levels of lower molecular aromatics in the benzene to methyl naphtha-

lene range, and the adsorbed fraction contained n-alkanes and aromatics from

Kovat indices 1400 through 3200. The clay minerals in this experiment were

shown to adsorb about 200 mg of hydrocarbons per kilogram of dry material.

MEYERS and QUINN (1973) reported a similar value of 162 mg/kilogram for dry
kaolinite. Our data, in Table 6-8, suggest values in llne with these earlier

determinations with a low of 122 mg/kilogram  (total resolved and UCM from both

the allphatic  and aromatic fractions) from the SPM samples from Kasitsna Bay
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(K6-3) to a high of 1.2 g/kilogram for the 0 to l-cm subsample from the tidal
mud flats from China Poot Bay {KB-2A).

While the results of these most recent oil/SPM interaction studies

using r e p r e s e n t a t i v e  s a m p l e s  f r o m  the l o w e r  C o o k  ln?et parallel  t h e  f i n d i n g s

r e p o r t e d  b y  p r e v i o u s  i n v e s t i g a t o r s , t h e y  a r e  s o m e w h a t  contradictory  t o  r e c e n t

resu?ts  reported by MALIPIKY and SHAM (1979). These authors examined the asso-

ciation of two lower molecular weight petroleum components and suspended sedi-

ments (primarily gracially  derfved sediments from the south central Alaska

region)

mineral

in the

decane

and concluded that sedimentation of oil by the adsorption to suspended

particles may not be a major pathway for the dispersion of petroleum

14C-labe~ledm a r i n e  e n v i r o n m e n t . In that study, however, they used
and biphenyl at near saturation levels. In these experiments, the

concentrations of the two hydrocarbons associated with

approximately 3~ of the original aqueous concentration in

From loadings of permitted discharges In Port Valdez and

loads, the authors calculated that less than 3% of the oil

harbor could be associated with the sediment. Thus, the

the sediments was

parts per million.

measured sediments

released into the

authors concluded

that adsorption of hydrocarbons to suspended particulate material was not that

significant, and that the role of suspended mineral particulate material may

be far less significant in adsorption of polynuclear aromatic hydrocarbons in

natural waters than is the role of total suspended matter. The applicability

of their findings to real oil spills situations in natural environments may be

limited, however, in light of the fact that they did rtot use a natura? 011 or

even a water accommodated fraction of a natural oil, and by the fact that the

compounds which were utilized have significantly higher water solubilities

that the more toxic polynuclear aromatic hydrocarbons of interest. Clearly,

the results of our studies on the glacially derived till from the Grewingk

Glacier show that it does have a high affinity for polynuclear aromatic hydro-

carbons (see Table 6-8) and that the high surface area of tne glacial till can

provide an active site for oil adsorption and ultimate sedimentation.
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6.3.2 Extension of Dispersed and Dissolved Oil/SPM Interaction Studies
During Summer/Fall Wave Tank Experiments at Kasitsna Bay

6.3.2.1 Introduction

After the initial characterization of the component specific affinity

of the five representative SPM types, extended oil/SPM interaction studies

were undertaken at Kasitsna Bay, Alaska during the Summer 1982 program. Un-

like the previously described experiments where oil was allowed to Interact

with suspended particulate material in a closed system, the more recent Alaska

experiments were designed to look at the time-dependent partitioning of select-

ed hydrocarbons onto SPM as other evaporation, dispersion and dissolution

processes were simultaneously occurring. That is, an overall SPM load was

established in the flow-through seawater system

tanks, and oil was then added to the three tanks

wave turbulence (see Section 5.4 for general

Experiments).

In two of the outdoor wave

under simulated 2 knot wind/

description of Wave Tank

6.3.2.2 Experimental Design for Dispersed/Particle-Bound Oil Concentration
Measurements

In order to better comprehend (and u l t i m a t e l y  p r e d i c t )  t h e  e f f e c t s  o f

d i s p e r s i o n  a n d  oil/SPM  i n t e r a c t i o n s ,  t h r e e  d i f f e r e n t  t y p e s  o f  s e d i m e n t  indige-

nous to the coastal areas of south central Alaska were introduced into the

flow-through wave tanks at the Kasitsna Bay laboratory. Basically, the types.

of sediment were chosen according to: their measured static equilibrium

affinity for oil, their abundance in the coastal waters of Cook Inlet, their

accessibility to collection (in kg quantities), and the differences in their

geological origins. The three types of sediment used were glacial till, from

the Grewingk glacier melt lake at the base of the glacier, Seldovia Bay salt

marsh sediment, and Kasitsna Bay (MacDonald Spit) sediment. Characterization

regarding mineralogy, grain size, surface area, and organic content can be

found in the previous Section 6.2.
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I n f o r m a t i o n  concernjrtg t h e  c o n s t r u c t i o n ,  ct~mensions,  and flow s c h e m e

of the wave tanks and SPM master reservoirs, as well as sampling and experi-

mental procedures are presented in Section 5.4.

To introduce the SPM into the wave tanks a bifurcated master reser-

voir was constructed as described in Section 5.4.3. Initially, a weighed

amount of each sediment type was added to a known volume of seawater in the

reservoir, and, with the stir motor (used to suspend the fines)  at a set pOsi-

tjon, a 100 ml aliquot of water was filtered in order to determine the percent

of sediment suspension on a mg per liter basis. Using this percentage,

weights of sediment added and flow from the master reservoir into the wave

tanks were adjusted to achieve a particulate load of approximately 10 mg/1 in

the wave tanks. SPM load was monitored daily by filtering a 200 ml aliquot of

wave tank water through 0.45 m Type HA filters, using

head (Figures 6-18 through 6-21). Prior to an actual oil

sary to “shock” the tanks up to these levels, which was

calculated amounts of sediment to the wave tank itself.

was required because, owing to the three hour turnover

a 12-port Millipore

spill it was neces-

d o n e  b y  addition o f

S h o c k i n g  t h e  t a n k s

v o l u m e  in the w a v e

tanks, calculations showed that it would take weeks to build up to the desired

levels by solely using tne master  reservoir  addition m e t h o d . The S P M  l e v e l s

for each tank, monitored during the exper~ments, are presented in Table 6-9;

and as seen, they are fairly constant at approximately 10 ppm.

Once the desired levels of SPM were obtained and deemed stablized, 16

liters of Prudhoe Bay crude oil were added to each wave tank. Sampling times

and procedures are presented in Sections 5.4.4 and 5.4.5.

Due to the inherent difficulty in separating dispersed oil droplets

from suspended particles in the water column, both were collected on 0.45 ~m

cjlass fiber filters for  extract ion and analysis. A  c o n t r o l  t a n k ,  w i t h  n o  S P M

addition, was also

measured. In this

carbons by various

mined.

monitored, w h e r e b y  only d i s p e r s e d  oil c o n c e n t r a t i o n s  w e r e

w a y ,  it w a s  h o p e d  t h a t  t h e  a m o u n t  o f  a d s o r p t i o n  o f  hydro-

SPM types as a function of weathering time could be deter-
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Figure 6-18. Sampling wave tank discharge for SPM particle loading
d e t e r m i n a t i o n s .
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Figure 6-19. Filtration of wave tank water for SPM loadjng  measurements
before spill initiation.
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.
Figure 6-2o. 0.45 micrometer Mlllipore  filters (after dryi’ng) for gravimetric
determination of SPM levels.

Figure 6-21. Closeup of particle filters used for SPM concentration
d e t e r m i n a t i o n s .
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TABLE 6-9. Suspended Particulate Matter Load Monitoring for Wave Tanks #l-4

Sample #a

1

2 ,

3

4

5

6

mI 7
u-lo

8

9

10

Average

Kasitnsa Bay
Sediment (ppm)

15.1

7.2

8.9

6.4

15.7

9.1

5.2

11.4

9.6

9.7

9.8

.

Seldovia Bay
Sediment (ppm)

7.5

6.3

10.0

9.1

9.5

10.3

6.6

9.4

10.0

10.8

9,0

Glacial Till
Sediment (ppm)

6.8

1 2 . 9

9.7

8.4

8.9

12.1

6.8

7.9

7 . 2

7.8

8.9

Control Tank (ppm)

1,.9

3.9

3.1 .

3 . 8

4.8

3.6

3.7

3.9

3.1

4.1

3.6

a- Samples were collected approximately once a day
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Bottom Sediments

by bottom sediments

from the bottom of

Settling of oil laden particles and incorporation

was also monitored by col lect ing and analyzing sediments

e a c h  w a v e  t a n k  a t  v a r i o u s  t i m e s . T o  i n s u r e  t h a t  b o t t o m  s e d i m e n t s  d i d  n o t

contact the oil slick during sampling, the following method of collection was

utilized. A Teflon tube was inserted into the wave tank at the paddle wheel

e n d  [where the slick w a s  n o t  p r e s e n t )  a n d  e x t e n d e d  t o  t h e  b o t t o m  o f  t h e  t a n k .

The tube was then moved to the other end of the tank, where bottom sediments

tended to accumulate, and a siphon was started. Bottom sediment was siphoned

into glass jars, and the accompanying water was decanted off after the sedi-

ment had settled. Weighed “amounts of bottom sediments were then extracted by

shaker table extraction methods, fractionated by silica gel chromatography

(see Appendii F

lyzed by FID-GC

Bottom

for analytical procedures). Resulting samples were then ana-

and GC/MS.

sediments were obtained from the tanks 13 days, 5 months, 9

months after initiation of the spills, and, for comparative

fiber filter samples of SPM in the water column were collected

months, and 12

purposes, glass

at these times as well. The filters were extracted as before, however select-

ed filter extracts were fractionated and subjected to GC/MS analysis.

6.3.2.3 Experimental Results from the Continuous-Flowing Wave-Tank Experiments
. .

Kasitsna Bay SPM

sediment was

more complete

the following

The oil/SPM interaction experiment using Kasitsna Bay

initiated during the summer of 1982 in wave tank #1. Although a

characterization of Kasitna Bay SPM is presented In Section 6.2,

d e s c r i p t i o n  is u s e f u l  in e v a l u a t i n g  t h e  r e s u l t s  o f  t h e  oil a d s o r p t i o n  e x p e r -

i m e n t s . X - r a y  d i f f r a c t i o n  a n a l y s e s  s h o w s  t h a t  t h i s  s e d i m e n t  is primarily

c o m p o s e d  of q u a r t z  ( < 5 0 % )  a n d  kaolinite ( 4 0 - 5 0 % ) ,  w i t h  s o m e  f e l d s p a r  (s-10%).

I d e n t i f i c a t i o n  o f  physical c o n s t i t u e n t s ,  b y  e l e c t r o n  m i c r o s c o p y ,  ind?cates
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this sediment to have numerous diatoms and clay fragments present, and a Spe-

cif”ic surface area of 9.1 was determined by nitrogen absorption techniques.

‘Naturally occurring hydrocarbons present were identified by extraction and

fractionation, followed with analysis by FID-GC. The chromatograms obtained

on the aliphatic fractions and aromatic fraction of “background” Kasitsna Bay

sediment extracts are presented in Figure 6-22 (A and B, respectively). As
seen, the aliphatic

with” KOVAT  indices

indicative of imput

large. peaks between

fraction contains only small to intermediate sized peaks

of 1500, 1700, and 2100; this odd carbon preference is
from marine algae. The aromatic fraction contains some

KOVAT 1900 and 2300, with another large peak at KOVAT

2994. These compounds are primarily derived from polyunsaturated molecules of

b~ogenic origin. This sediment is fairly “clean” regarding naturally

occurring hydrocarbon loads, and interferences with adsorbed hydrocarbons

during wave tank experiments were therefore at a minimum.

series FID-GC chromatograms of glass

presents dispersed/particle bound

Figures 6-23 and 6-24 show time

f?ber f?lter extracts, and Table 6-10

n-alkane concentrations up to 9 days after initiation of the spill. Figure

6-23A is of a presp?ll particulate phase blank, and several trace level lower

and intermediate rrio?ecular weight compounds are observed to be prese~t. The

lower molecular weight peaks are possibly due to residual epoxy resin o r

sealant used during wave tank construction; while the intermediate weight

compounds are presumably blogenic In origin as s imi lar  components were

observed in background Kasitsna Bay sediments. This assumption is also based

on the physical appearance of the glass fiber filter prior to extraction.

Durinq the summer spills at Kasitsna Bay there was a massive algae bloom occur-

ring in all four wave tanks. Hair-like strands of green/brown algae - up to

six inches long - covered the bottom and sides of the tanks, as well as the
paddle wheels used to generate waves. Fragments of this algae tended to clog

ttte filters and gave them a light brown/green color. In any event, there is

no evidence of any particulate/dispersed phase petroleum hydrocarbons in the

pre-spill blank.
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c

FIGURE 6-22. FID-GC chromatograms showing background hydrocarbons in sediments
used for oil/SPM interaction experiments in wave tanks at Kasitsna,
(A) Aliphatic fraction of Kasitsna Bay sediment, (B) Aromatic
fraction of Kasitsna Bay sediment, (C) Aliphatic  fraction of
Seldovia Bay sediment, (D) Aromatic fraction of Seldovia Bay
sediment, and (E) whole extract of Grewingk  glacial till.
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FIGURE 6-23. FID-GC chromatograms of filter extracts from Wave Tank +1 showing
Dispersed/Particle Bound Oil at: (A) Prespill  Blank, (.B) 5 minutes~
and (C) 8 hours after a spill of 16 liters of Prudhoe Bay crude Oil.
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FIGURE 6-24. FID-GC chrumatogrms of filter extracts from Wave Tank #1

showing Dispersed /Particle Bound Oil at: (A) 48 hours,

and

@) 12 days after a spill of 16 liters of Prudhoe Bay crude oil.
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Figure 6-23B shows a chromatographic profile of filter extract five

m i n u t e s  a f t e r  i n i t i a t i o n  o f  t h e  s p i l l . This chromatogram  is characterized by

n-al kanes ranging from n-C8 to n-C32. The fact that the n-C8 through n-C12

peaks are relatively smaller than the peaks of the remaining n-alkanes may

suggest some selective partitioning of higher molecular weight alkanes OntO

the SPM; h o w e v e r ,  F i g u r e  6-23C p r e s e n t s  a  p r o f i l e  o f  filter e x t r a c t  e i g h t

h o u r s  a f t e r  t h e  s p i l l , and it resembles the parent oil slick at that time

(Figure 5-104I3) quite markedly. These data indicate that what was measured in

the “particulate” phase was primarily dispersed oil.

A slight molecular weight dependent partitioning may again be occur-

ring as suggested by comparison of Figure 6-24A (filter extract) with Figure

5-104C (parent oil ) - both obtained after 48 hours of weathering. In this

case, evaporation has removed compounds lighter than n-C9 from the parent oil,

however, the first major’ component observed in the dispersed/particulate phase

is nCIO. Also there is not near the complexity of branched and/or cyclic compo-

nents between nC9 and nCIO in the dispersed/particle phase (Figure 6-24A)

compared to the surface oil (Figure 5-104C). Nevertheless, the similarity ot

h i g h e r

t h e s e

s o u r c e

molecular weight components in the filter extract and the parent oil at

times suggests that discreet dispersed oil droplets are the primary

of hydrocarbons in the water column.

Figure 6-24B presents the chromatographic profile from the wave tank

#l particulate phase sample 12 days after the spill. It resembles the profile
in Figure 6-23A, of the prespill blank and, as such, indicates that the dis-

persion detected earlier has essentially terminated due to concomitant in-

creases in oil viscosity after as little as 12 days.

The dispersed/Kasitsna Bay SPM bound oil concentration data presented

in Table 6-10 show a general trend of total resolved and unresolved component

concentrations climbing rapidly and peaking between four and eight hours, with

a subsequent decline in both the resolved and UCM components after 48 hours of

weathering. After three days most petrogenic compounds are absent, as seen in
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the concentration data listed for three and nine days in Table 6-10. Indeed,

chromatographic  evidence and GCIMS data indicdte  that the compounds, found in

filter extracts obtained after three days and all -those subsequently taken,

are strictly biogenic in origin.

Seldovia Salt Marsh SPM ‘

The o;l/SPM interaction experiment using Se’ dovi”a Salt Marsh sediment

(added to wave. tank #2), was also begun in the summer of 1982. X-ray diffrac -

tion analyses of Seldovia Salt fiarsh sed~ment (Table 6-7) shows that its miner-

alogical composition is significantly-different than that of Kasitna Bay sedi-
ment. Specifically, this sediment is composed principally of kaolinite

(>50%), with some quartz (5-10%}, feldspare (2-5%) and trace amounts of cal-

cite (<2%). Electron microscopy showed this sediment to be rich with organic

fragments with some fecal pellets and diatoms present, but relatively lower

a m o u n t s  c l a y  f r a g m e n t s  w e r e found compared to Kasitsna flay. The specific

surface area of thiS sediment was determined to be 11.1. Background hydrocar-

bons present in Seldovia  8ay sediment are shown in Figure 6-22C (Aliphatic

fraction) and Figure 6-22D (Aromatic fraction), respectively. The aliphatic

fraction contains only four small peaks, with KOVAT indices of ’2500,” 2700,

2900 and 3100. Again, these profiles are different from Kasitsna Bay “back-

ground” sediment, and these higher molecular weight odd-carbon ~lkanes are

primarily representative of plant waxes. The aromatic fraction shows the

presence of quite a few more peaks; specifically, several clusters occurring

from the middle to the end of the chromatogram. However, the use of Selected.
Ion Monitoring (during GC/MS analysis) made it possible to distinguish between

these peaks of biological or?gin and adsorbed petroleum” derived aromatic

compounds.

T i m e  s e r i e s  FID-GC chromatograms  of f i l t e r  e x t r a c t s  o b t a i n e d  w i t h

Seldovia  S P M  a r e  p r e s e n t e d  i n  F i g u r e  6 - 2 5  a n d  6 - 2 6 ,  a n d  Table 6 - 1 1  p r e s e n t s

the d i s p e r s e d / p a r t i c l e  b o u n d  o i l  c o n c e n t r a t i o n s  o b s e r v e d  o u t  t o  6  d a y s  p o s t

spill. The prespill filter blank (Figure 6-25A) shows similar residual epoxy
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FIGURE 6-25. FID-GC chromatoarams  of filter wtracts from
showing Dispers~d/Particle  Bound Ofl at: LA)
(B) 1 hour, and (-C) 8 hours after- a spill of
Bay crude oil.
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FIGURE 6-26. FIII-GC chm?atogrms of filter extracts from Mave Tank #2
showing Dispersed/Particle Bound oil at: LA) 48 hours, and
(B) 12 days.
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TABLE 6-11. Disp~rScd/Particlc  llo{lnd Oil Concentrations (Pg/l) from wave Tank #2 (Seldovia  13ay SPlf)

‘-clo

‘-cl I

‘-cl?
n-C13

‘“C15

‘-C17
Pristane

“-C18
Phytdne

o-l
‘-C23A

n-(:?(i

lotal Resolved

Unresolved
Compounds

5 min.
. ..-. .— -

nda

13.3

.36.7

75.2

93.7

74.4

36.9

55.5

3?.7

45.2

36.6

25.2

1350

57flo

—.——- .-

1 hour
——- ----

nd

nd

1.30

4.60

11.0

8.86

3.9a

7.19

3.95

6.37

4.02

3.31

172

778

— — .

2 hours
.- ..-.  . . . -

nd

nd

1.46

3.93

5.95

t .96

:.53

3.93

1,92

3.16

2.60

1.70

92.6

384

—._. —-----

4 hours
——

9.2f3

10.7

10.1

11.5

10.2

7.78

3.73

6.02

2.96

4.84

3.85

2.67

197

651

————.

8 hours
_—— —--—

7.71

9.49

9.98

11.6

10.4

8.47

4.26

6.43

3.15

5.17

4.04

2.64

201

635

-—-

12 hours
- - - -

7.00

9.10

10.1

11.7

10.7

8.85

4.28

6.80

3.21

5.35

4.18

2.85

194

664

— — -

24 hours
—-.

3.28

7.75

8.74

10.5

9.11

7.92

3.95

6.05

3.07

5.14

4.24

2.86

171

637

— .

48 hourz
—— -

1.74

,2.3i

2.81

3.4(

3.4(

2.4!

1.0:

2.0;

l.li

1-7!

1.51

.9!

66.5

231

6 days
-——-. --—

.981

, 5 7 3

nd

nd

nd

nd

.262

nd

nd

nd

nd

nd
\

7.73

116

-

a - nd indicates “not detected”



resin (applied during wave tank construction) and biogenic compounds as did

the prespill blank from wave tank #1. Their concentrations, however, are

orders of magnitude lower” than the dispersed oil loads introduced as little as

5ininutes after initiation of the spill.

Chromatograms  of filter extracts after one hour, eight hours, and 48

hours (Figures 6-256, 6-25C and 6-26A, respectively) resemble chromatograms of

parent Prudhoe Bay crude oil sampled from. the slick at the same times (Figilres

5-104A through 5-104C). The profiles of filter extracts have the predominance

of n-alkanes (ranging from “n-c9 to n-c32) characteristic of Prudhoe Bay crude

011, although there may be a little evidence of slightly-greater complexity in

the KOVAT index 800-1000 range in the surface oil compared to the dispersed/

particle bound phase. Nevertheless, significant removal of lighter molecular

weight compounds is seen after eight hours of weathering in both the surface

and dispersed oil phases. The chromatographic  profile obtained from d filter

extract 12 days after the spill (Figure 6-26B) still shows a little evidence

of oil derived hydrocarbons (primarily n-alkanes)  with the 5PM from the

Seldovia Salt marsh while these dispersed components were not observed to as

qreat an extent after that time ‘period with Kasitsna Bay SPM (see Figures

6-24B and 6-26 B). It is extremely interesting to note, however, that close

examination of the chromatogram of dispersed/particle bound oil in Figure

&26B shows the r e s o l v e d  c o m p o n e n t s t o  b e  d o m i n a t e d  b y  s e v e r a l  b r a n c h e d

(isoprenoid)  compounds, including pristane  (RT 37.65) and phytane (RT 42.89).

Thus, the dispersed oil phase components remaining in the water column after

12 days in the tank spiked with the organic rich sediment from Seldovia Salt

marsh showed evidence of extensive microbial degradation.

With regard to the individual, total resolved and UCM component con-

centration data presented in Table 6-11, the extremely high (order of magni-

tude greater than wave tank 1) concentrations found after five minutes are

believed to be most likely due to one or more larger (possibly >1 cm) random

oil drops entrained into the sampling SyStem. Drops this

return to the sllck, and therefore cannot be regarded as

o v e r  a  l o n g e r  t i m e  f r a m e . llisregarding t h e  f i v e  m i n u t e

6 - 6 2

size would normally

truly dispersed oil

concentrations, the



lrelhl >een tIere Is dfl lricrf+ds~ in. concentrdtlon over the tlrst hollf; t~~e

hydrocarbon levels remain relatively constant (171 Pg/1 to 201 ug/1 total

resolved components) over the next 24 hours and the concentrations then begin

to drop at 48 hours with less than 1 ug/1 levels of dispersed oil-related

compounds present at six days after the spill.

No SPM

In an attempt to separate dispersion processes from oil/particulate

interactions, a control tank spill (with no SPM addition) was also initiated

and monitored in the s u m m e r  o f  1 9 8 2 . Table 6 - 9  s h o w s  t h a t ,  - a l t h o u g h  t h e r e  w a s

no supplemental SPM

mg/t was present.

Kasitsna Bay w h i c h

d e l i v e r y  s y s t e m  a n d

addition, a naturally occurring load of approximately 3.6

This loading is presumably due to suspended sediments in

get introduced to the wave tank by way of the seawater

to the weight associated with the algae fragments present

in the tank. T h e  c o n t r o l  t a n k  w a s  d e s i g n a t e d  a s  w a v e  t a n k  # 3  a n d  t i m e  s e r i e s

FID-GC  chromatographic  p r o f i l e s  o f  f i l t e r  e x t r a c t s ,  f r o m  t h i s  t a n k ,  a r e  s h o w n

in Figures 6-27 and 6-28. Table 6-12 presents the time-series dispersed oil

concentrations derived from the gas chromatographic measurements.

Figure 6-27A shows the same profile, for a prespil

tanks to which SPM was added. Comparison of Figures 6-27C

extracts after eight hours and 48 hours, respectively) with

5-104C, (parent oil sampled at the same times) again shows

f i les  (except  that  the parent  surface oil exhibits slightly

in the KOVAT index 800 to 1000 range. A filter extract

1 blank, as

and 6-28A,

do the

(filter

Figures 5-104B and

very similar pro-

g r e a t e r  c o m p l e x i t y

o b t a i n e d  o n e  h o u r

after the spill (Figure 6-27B) shows n-al kanes ranging from n-C8 to n-C32.

Evaporative losses and dissolution of selected lower molecular weight compo-

nents from the parent oil slick are reflected by the filter extract profile at

eight hours (Figure 6-27C) where the lowest molecular weight n-alkane detected

is n-C9. As with the tanks to which SPM was added, chromatographic evidence,

presented in Figure 6-28B, shows very little evidence of particulate bound or

dispersed oil 12 days after the spill.
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FIGURE 6-27. FID-GC chromatogrws of filter extracts from ‘Aave T~nk #3
showing Oispersed/Patiicle Bound oil at: (A) Presptll Blank,
(B) 1 hour, and (C) 8 hours after a spill of 16 liters of
P~dhoe Bay crude oil. 6-64
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FIGURE 6-28.FID-GC chromatograms of filter extracts from Wave Tank #3 showing
Dispersed/F’article Bound oil at: CA) 48 hours, and (B) 12 days
after a spill of 16 liters of Prudhoe Bay crude oil.
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TABLE 6-12. l~i’.ll(*I\~{!/l’,~lt  Iclc IIOIIIId  oi I (on(.tvt!.rat.  ions (IIg/1 ) f roln wfive  I ank H3 (Iw SPM addi  t ion )

I,, )nlpl)lllld
.-. .-.

11.1.,,,

“-(’11

“-cl?

“-[”13

n-c 1!)

“-” 1 )

Pristane

n-c 1:!

Phytanf’

Cn 11-C2,)

A
m

“-L?-i

1+,,

10(’}1 R(’scllwd

Ilnt-ow  I IJr(l
Cwqwwnds

—-- —-. .. —.. —-

5 nlin,
.---. —

nd’i

7!).7

5[1.4

10b

116

97.9

46.9

71.2

J3. i

6[).0

51.1

33.2

1810

7610

.._ ---—

I  Iiolll”
--. — -.

41.!)

33.2

26.0

32.0

31.6

23.3

11.0

17.7

ft.41

15.2

12.5

8.07

609

2270

—. _-. .

7 IM)IIIX

?(). !)

??. ?

2!).4

32.0

31.3

25.({

12.6

19.7

9.63

16.2

13.0

8.22

548

2340

—----

1 h{~urt
----- . .

. ?90

3.75

11.2

21.5

27.3

21.7

9.28

1[1.0

10.4

16.4

14.5

10.1

466

2050

.- —-—--

II hours
.—---— — .

1.41

5.75

9.05

11.8

11.4

8.M

4.60

6.92

3.00

5.97

4.?9

2.93

191

nlh

,—-— —

I 2 hours
—- -——.

7.93

10.1

11.3

14.1

13.6

10,9

5.33

8.45

4.9?

8.13

5.95

3.77

254

1070

24 hours
— - —  .

1.54

tl. fll

15.1

17.9

17.0

12.3

5.94

9.4!J

5.40

8.14

6.75

4.88

313

1360

4[1 hours
—— -----

4.1!)

4.46

4.70

5, }18

5.75

4.61

2.37

3.62

.?.09

3.12

2.50

1.61

107

464

3 days
-------

.?.11

1. (-J,)

1.f13

2.411

2.90

2.67

1.43

2.18

1.11

1.91

1.52

.974

47.3

?64

,——

6 (ta,ys
———

3.7?

2.31

1.46

1. ()[]

‘2.35

2.0?

1.16

1.70

.086

1.51

1.?5

.812

46.6

228

.- —

) days

1.98

. XI(I

nd

WI

nd

Ild

nd

nd

.421

nd

nd

nd

5.86

159

12 days
—

II(I

rld

nd

nd

nd

nd

n d

nd

.269

nd

nd

nd

3.97

83.7

-—

a - nd indicates “not. det~ct.ed”



The data in Table 6-12 show that as in.
the five minute sample had significantly higher

the remajning samples. Again, this 1s believed

drop of oil entrained into the sample port, and

trend, indicated by the concentrations of total

rapid increase in hydrocarbon levels (to 609 ug/1

a gradual decrease in concentration (to 107 ug/1)

the case with wave tank #2,

levels of hydrocarbons than

to be due to a random large

it must be disregarded. The

resolved compounds, shows a

) within the first hour, with

over 48 hours, followed by a

more rapid decrease i n  c o n c e n t r a t i o n  ( t o  a p p r o x i m a t e l y  4  ug/1) b e t w e e n  t h r e e

a n d  1 2  d a y s  f o l l o w i n g  t h e  spill. All evidence of dispersed petroleum

hydrocarbons is gone by nine days, and this suggests that dispersion of 011

into the water column has ceased. Nevertheless, i n  t h e  a b s e n c e  o f  a d d e d  S P M

u n d e r  t h e  s u m m e r  s p i l l  c o n d i t i o n s , t h e  d i s p e r s e d  o~l p h a s e  c o n c e n t r a t i o n s  in

w a v e  t a n k  # 3  a p p e a r  t o  r e m a i n  e l e v a t e d  l o n g e r  i n  t h e  w a t e r  column  t h a n  i n

t a n k s  1  a n d  2  w h e r e  t h e  a m b i e n t  S P M  l o a d  w a s  i n c r e a s e d .

&ewingk Glacial Till SPM

This spill was initiated in the Fall/Winter period of 1982 in wave

tank #4, and the water column was augmented with measured amounts of glacial

till SPM collected from the base of Grewingk Glacier. The mineralogical compo-

sition of Grewingk glacial fines, as determined by X-ray diffraction, is some-

what similar to Kasitsna Bay sediment. T h e  m a j o r i t y  o f  t h e  s e d i m e n t  i s  c o m -

p r i s e d  o f  q u a r t z  ( > 5 0 % ) ,  w i t h  r o u g h l y  e q u a l  a m o u n t s  o f  kaolinite a n d  feldsar

p r e s e n t  { b o t h  2 0 - 4 0 % ) . The major components of this sediment, as observed by

electron microscope, are clay fragments and diatoms. The specific surface

area of Grewingk glacial till is identical to that of Kasitsna Bay sediment at

9.1. A chromatogram of an unfractionated extract of this sediment can be

found in Figure 6-22E, and it is noticeably devoid of any hydrocarbon peaks.

It might be noted here that this sediment is indeed extremely pristine - the

extract presented in Figure 6-22E represents over 250 grams of sediment

extracted and concentrated to less than 400 PI before analysis. As such, any

adsorption of petroleum hydrocarbons would be easily detected.
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Actually, the surnner-spill  wave-tank #I experiment was terminated In

late October 1982 (as described jn Section 5.4.6), and the tank was then
emptied, cleaned and allowed to flush for one week before the Fall/Winter
experiment described here was initiated. Nevertheless, the fall/Winter spill

was conducted in wave tank #1, but it has been designated as wave tank #4 to—
avoid confusion.

Similar time series FID-GC chromatographic

filter extracts were obtained from this spill, and

profile4 of glass fiber

these are presented in

Figures 6-29 and 6-30. Table 6-13 presents the time-series concentrations df

selected dispersed/particulate hydrocarbons der?ved from the GC data. The

prespill blank profile, found in Figure 6-29A, shows, some evidence of residual

hydrocarbons, presumably from the prevjous spill, and some peaks characteri9-

t~c of biogenic origin. H o w e v e r , jt should  b e  n o t e d  t h a t ,  a t  t h i s  t i m e ,  the

algae bloom that occurred during the summer had ended - there was, however,

e v i d e n c e  o f  o t h e r  biogenic m a t e r i a l  i n p u t  i n t o  t h e  “ t a n k . N a m e l y ,  a  l a r g e

number of decaying leaves could be seen

Comparisons of chromatograms

eight hours and 48 hours, Figures 6-29C

on the tank bottom.

of filter extracts obtained at times

and 6-30A, respectively, with chromato-

grams of parent oil obtained at the same time, Figures 5-1U6B and 5-I06C, show

nearly identical profiles. Note that, owing to the colder air temperature

(--5 to O°C) in the Fall, evaporative losses by the parent stick are retarded

when compared to the summer evaporation losses. S p e c i f i c a l l y , F i g u r e  5 - 1 0 6 B

o f  p a r e n t  oil a f t e r  e i g h t  h o u r s  o f  w e a t h e r i n g  s h o w s  e s s e n t i a l l y  n o  i n d i c a t i o n

o f  e v a p o r a t i o n . F i g u r e  5-106C, of parent oil sampled after 48 hours of weath-.—
ering,  still contains some compounds with KOVAT indices less than 9 0 0 . Ouring

the summer experiments, the oil had generally reached this state by 8 hours..—
The slower rate of e v a p o r a t i o n  d u r i n g  t h e  wjnter is reflected by the chromato-

g r a m s  o f  d i s p e r s e d  o i l  a s  well, where a similar  trend In elevated levels o f

lower molecular weight components js observed. After 8 hours, the filter

extract presented in Figure 6-29C shows no sign of evaporative loss, with

compounds as volatile as n-C
8

still present. After 48 hours the chromatogram
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FIGURE 6-29. FIl&GC chromatograms of filter extracts from Wave Tank #4 showing
Dispersed/Particle Bound oil at: (A) Prespill Blank, [B) 2 hours,
and (C) 8 hours after a spill of 16 liters of Prudhoe Bay crude oil.
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B

FIGURE 6-30. FID-GC chromatogrms of filter extracts from !dave Tank #4 showing
Dispersed/Particle 3ound oil at: (A) 48 hours, and (3) 12 days
after a spill of 16 liters of Prudhoe Bay crude 011.
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, ,.
of the filter. extract (shown in Figure 6-30A) still contains many of The

lighter hydrocarbon components, with rt-C9 easily detectable. Because the

dispersed/particulate phase so closely parallels the composition of the par~pt

oll slick, the data suggest that dispersion, not SPM adsorption, is the pri-
mary MeChdfIISm whereby hydrocarbons are introduced to the water column.

Agajn, 12 days following the spill, the chromatographic profjle of filter

extract (Figure 6-30B) show virtually no

p r e s e n t .

A s  s e e n  b y  t h e  r e d u c e d  d a t a  i n  T a b l e

petroleum related hydrocarbons

6-13, the dispersed oil concefi-

trations rise rapidly and peak at eight hours with a total resolved compoynd

concentration of 1,030 ~g/1. An extremely rapid decrease, to 146 ~g/1 follows

at 12 hours where concentrations remain fairly stable for the next 36 hours

and

This

attr.

tank

finally decrease gradually to approximately 60 ~g/1 after eight days~

rapid decay in dispersed water column concentrations presumably can be

buted to the colder winter conditions and the SPM load added to the wave

system.

Bottom Sediments

Because addition of SPM was terminated two weeks following the spill

in each tank, the accumulation of bottom sediment (after a few months) must be

attributed primarily to sediment introduced to the tanks from the seawater

delivery system which pumps seawater from Kasitsna  Bay. As such, there should

be no inherent differences concerning the nature of the bottom sediment from

one tank to another. However, accumulated bottom sediment collected from wave

tank #4 after 13 days, must be considered to be primarily composed of the

glacial till that had been added via the SPM master reservoir.

Figure 6-31A presents a chromdtographic  profile of’ extract from sedi-

ment collected off the bottom of wave tank #4 13 days after the spill, while

Figures 6-318 and 6-31C show aliphatic and aromatic fraction extracts of bot-

tom sediment col?ected from wave tank #3 12 months after the spill. Aliphatic
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FIGURE 6-31. FID-GC Chmnatograms of Sediment Extracts collected off the bottom
of Wave Tanks. (A) Whole Extract from Wave Tank #l after 13 days,
(8) Aliphatic fraction froin~ave  #3 after 12 months, and (C) Aromatic
fraction from ~ave Tank #3 after 12 months.
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and aromat~c fractions of bottom sediments extracts, from wave tank #2 after 9

months are shown in Figure 6-32. Individual compounds, total resolved ccxn-

pounds, and UCM concentration values of hydrocarbons incorporated into bottom

sediments are presented in Table 6-14 (aliphatic fractions) and Table 6-15

(aromatic fractions).

The profile of extracted bottom sediment from wave tank #4, after 13

days of weathering, is characterized by a series of small homologous peaks

extending from retention time 11 minutes to 73 minutes and two clusters of

larger peaks from retention titie 43 to 46 minutes and again from 50 to 52

minutes. GC/MS analysis indicated that the homologous series of peaks are

n-alkanes, ranging from n-C9 to n-C32g while the clusters of peaks between

KOVAT indices 1900 and 2200 are most likely intermediate molecular weight

cafboxcylic acids, presumably of biological origin. A cluster of carboxcylic

acids can also be seen in the aromatic fraction of the bottom sediment ob-

tained from wave tank #3 after 12 months (Figure 6-31C). GC/MS analysis, with

Selected Ion Monitoring (SIfl), showed no evidence of any petroleum derived

aromatic compounds in either of these samples.

Evidence of hydrocarbon contamination was seen in the aliphatic frac-

tion of all bottom sediments extracted. Table 6-14 shows that after 13 days,

the bottom sediment from the Grewingk  Glacier SPM contained n-alkanes ranging

from n-C9 to n-C32, while samples collected after longer periods from wave

tanks #2 and #3 showed n-alkanes from n-C15 to n-C32. Clear indication of

this higher molecular weight aliphatic  fraction contamination of the bottom

sediments Is presented in Figure 6-31B (bottom sediment from tank #3 after 12

months), where n-alkanes, ranging from n-C,~. to n-C32, are easily detected.

Tne most predominant components in these sediments are pri stane (KOVAT 1710)

and phytane (KOVAT 1815) suggesting more extensive microbial degradation In

the sediments over time. Concentrations of aliphatic hydrocarbons, present in

bottom sediments, given in Table 6-14, are highest (161 ~g/g total resolved

compounds) after 13 days, and decrease (to between 20 to 85 ug/g) in samples

obtained months later.
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FIGURE 6-32. FID-GC clwvanatogmns of extracts from sediment collected
off the bottom of Wave Tank #2-9 months after a spill of
16 liters of Prudhoe Bay crude oil. (A) Aliphatic fraction
(B) Aromatic fraction.
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Table 6- 11.lili~~ic (lmcentrations  (ug/g) of Oil Incmrpxated in
the Bottom Sediments from Wave Tanks #l-4

C0ncx3ntration (ug\g)

Wave Tank #4
13 days

.745

2.15

2.98

1.89

2.07

1.67

5.08

1.68

4.49

1.38

.956

1.25

2.01

161

167

m..~ 2.&AA*An

Wave Tank #4
5 months

n$

nd

nd

nd

nd

nd

.882

nd

.793

.278

.894

1.53

● 955

22.1

210

Wave Tank #2
9 mnths

nd

nd

nd

nd

.120

.141

.688

.289

.828

.114

.0977

.365

.566

29.6

547

Wave Tank 43
9 months

nd

nd

nd

nd

nd

nd

1.57

nd

1.73

.263

.418

,378

.805

29.8

877

Wave Tank 43
12 nqnths

nd

nd

nd

nd

.536

.595

6.74

.834

6.94

.336

.609

1.64

2.19

86.3

825.
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Table 6-15, Aromatic Concentrations (ug/g) of Oil Incorporated in

the Bottom Sediments from Wave Tanks #1-4

Compound

Cl 8 - carboxcylic
acids

ID Unknown (base
m/e = 64)

‘2 o - carboxcylic
acids

rotal Resolved

Unresolved
Compounds

Wave Tank #4
5 months

.321

. 0 3 3 0

nda

1.25

4.67 .

Concentration (ug/g)

a- nd indicates “not detected”
,

Wave Tank #2
.9 months

1 . 0 2

.352

nd

2.17

68.3

Wave Tank #i3
,9 months

.0674

.0348

nd

10.3

187

Wave Tank 3
12 months

1.94

2 . 1 0

.831

11.5

388



Representative

filter extracts, showing

chromatograpt?~c  profiles  of corresponding

particulate hydrocarbons in the water column

long-term

five and

nine months after the spills, can be seen in Figure 6-33. These three

chromatograms are very similar in nature - all show the c?uster of peaks be-

tween retention times 42 and 46 minutes, with very few resolved peaks else-

where. GC/MS analysis, with SIM, suggests that, as with the bottom sediments,

the cfuster of peaks are primarily composed of intermediate molecular  weight

carboxcylic acids, with no evidence of any oil related hydrocarbons. The

concentrations - not presented

pounds in the particulate phase

acids) ranges from 5 to 10 vg/1

in tabular form - for the total resolved com-

(Principal ]Y due to the c~uster of carboxcyl ic
of water filtered.

6.3.2.4 Summary Comparisons of Minter vs Summer Dispersed/Particulate Bound
011

Several notable similarities and differences were observed during the

wave tank experiments completed at Kasitsna Bay. A graphical representation

of comparative concentration data is presented Tn Figure 6-34. This figure

shows concentrations vs time data for total resolved compounds and UCM’S of

glass fiber filter particulate/dispersed oil extracts, for all four wave tanks

for the first two days following the spills.

One similarity worth noting is that the shape of the curve (for each

tank) of the total resolved compound concentrations over time is matched by

the shape of the curve of UCM concentrations over time. Also, the relative

magnitude and position of the resolved and UCM curves is the same, except that

wave tank #4 (Glacial till SPM) shows the most total resolved compounds, while

UCM concentrations are highest in wave tank #1 (Kasitsna Bay SPM). Except for

this perplexing difference, the two graphs shown are quite similar in appear-

ance. Considering the chromatographic profiles, discussed in the previous

section, this should not be unexpected. In all four wave tanks the GC pro-

files of the dispersed/particulate phase in the water column, are nearly iden-

tical to the GC profile of the parent oil. This strongly implies dispersion

of discreet whole oil droplets into the water column, and as such, the
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unresolved and total resolved oil components would be expected to behave simi-

larly.

With the exception of the control tank (no SPM added) , the general

trend of dispersed/particle bound oil concentrations is a rapid increase over

the first four hours, with a peak concentration reached between four and eight

hours after the spill. The concentration in the control tank peaks after only

one hour and this is possible evidence that elevated levels of SPM may actu-

ally occlude dispersed oil and prevent its rapid return to the surface initial-

ly f o l l o w i n g  t h e  s t a r t  o f  t h e  spill. In all cases, the level of hydrocarbons

associated with the particulate phase, drops from the maximum at about eight

hours until, ““by nine to twelve days, there is little or no evidence of

dispersed/particle bound petroleum related compounds present. It should be

remembered, however, that dissolution of aromatic components -- although at

,lower absolute concentrations -- continues for months after the initial disper-

sion process has ceased (see Section 5.4.8). Indeed, comparison of Tables

6-10 through 6-13 (dispersed/particulate bound oil concentrations) with Tables

5-13 and 5-14 (dissolved hydrocarbon concentrations) shows that dispersed oil

concentrations are roughly two to three times greater than dissolved oil

concentrations in the water column during the first few days. Apparently,

once the slick has weathered to a certain phys~cal state (i ● ., increased

viscosity), dispersion is markedly reduced while dissolution can continue at

compound-specific diffusion controlled rates.

Inspection

Tables 6-10 through

the highest initial

bound oil; wave #1

approximately equal

1 owest

colder

levels.

of the total resolved compound concentrations, found in

6-13, shows that wave tank #4 (glacial till SPM) contained

levels of hydrocarbons associated with dispersed/particle

(Kasitsna Bay SPM) and wave tank #3 (no added SPM) showed
levels , and wave tank #2 (Seldovia 13ay SPM) contained the

One poss~ble explanation of these results would be that under the

Fall/Winter spill conditions, evaporation of the less viscous, lower
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molecular wei,ght components

process as of dissolution,

water emulsification would

n

was triltially  inhibited, and as sucn, the early

dispersion and spontaneous (micr~s~ale) oil-into-

predominate {as observed). Then with the high’

levels of added glacial till SPM,- oil-particle adsorption and increased s?.ick

viscosity (due to the lowered temperatures) resulted in the rapid decay in

dispersed oil concentrations. That is, the oil that had initially dispersed

was adsorbed and removed due to sedimentation, and at the colder temperatures,

continued dispersion after 8-10 hours. was inhibited. in comparing the three

sunxner conditions, the Kasitsna Bay SPPl (tank 1) and control (tank 3) which”

had no manually added SPM but ambient (3-4 mg~l) levels of SPM from the

Kasitsna Bay seawater source behaved similarly. In these tanks, 200-300 ug/1

levels of resolved components in the dispersed phase were observed out to 48

hours. In the presence of Seldovia  Salt Marsh SPM (tank 2), the dispersed oil

resolved component concentrations were depressed. This may be due to the

dispersed oil being adsorbed by the added SPhl (in static tank tests -- Section

6.2 -- Seldovia SPM had the highest oil affinity), and the then occluded

material was removed by sedimentation. Because the control tank exhibited

hydrocarbon levels similar, to the other tanks, we believe that dispersion,

not direct SPM interaction with the surface oil slick, is the primary

mechanism whereby petroleum hydrocarbons are introduced to the water column

beneath a spill.

An inherent

dispersion occurring

difficulty encountered, when measuring the amount of

in a wave tank experiment, is the randomness of oil drop

sizes residing at any given depth below the slick. 14hlle small droplets

(below the critical droplet size) can and do remain permanently associated

with the water column, larger plunging drops will return to and coalesce with

the slick, and these cannot be counted as truly dispersed oil. The amount of

oil, sampled onto glass fiber filter, that might otherwise have returned

the slick is a factor of this randomness. Thus , the random nature

dispersion - and the problem it presents in experimental design, sampling

data interpretation - must be acknowledged.

to

of

and
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Thus , regarding the concentration values presented, for the three

types of SPM used, it cannot be said that Seldovia Salt Marsh SPM has the

highest affinity for petroleum hydrocarbons, or that Kasitsna Bay SPM has the

lowest affinity - rather, it can be said that dispersion processes overpower

whatever adsorption potential a SPM has (at least as far as interaction with
the surface sllck is concerned).

The conclusions from the dispersed/particle bound oil portion of the

Kasitsna Bay wave tank experiments can be summarized as follows:

Dispersion processes overpower the SPM adsorption potential for
surface oil using the three sediments examined.

Dispersion is primarily operative initially following a spill
and accounts for the majority of the petroleum derived hydrocar-
bons present in the water column; dispersed oil being respon-
sible for two to three times more oil in the water column that
present due to dissolution.

Elevated levels of SPM may actually occlude dispersed oil during
the first few hours following a spill resulting in enhanced
removal (sedimentation) from the water column, and this process
appears to be SPM source dependent.

Dispersed or particulate bound oil does not contribute signifi-
cant amounts of hydrocarbons to the water column once a ~table
mousse has been formed.

Hydrocarbon Incorporation into Bottom Sediments

Although the results of the experiments, presented above, show that

dispersed/particulate bound oil entrainment into the water column decreases

significantly as the surface slick viscosity increases, this does not imply

that these mechanisms are not going to impact marine life. The fate of

dispersed/particle bound oil is of extreme importance. Once introduced into

the water column, dispersed and particulate bound oil can ultimately sink and

become incorporated into the benthic sediment, as observed in all three wave

tank systems. Because of the relative solubil ities of a?iphatic and aromatic

hydrocarbons, however, the more toxic aromatics are preferentially removed
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during the SPM/diipersed oil Interaction

well oxygenated and well mixed sediments

with bottom water can occ~r}.

.-

and sedimenta~ion (particularly In

where intersfitlal water exchange

Thus , while evidence of petroleum derived hydrocarbon contamination

of bottom sediments was found after just 13 days following the spill, and.

after periods of 5, “9, and 12 months; this contamination was primarily limited,.
to aliphatic hydrocarbons, as essentially no “oil related aromatic- compounds.
were detected. The particulate phase of the water column was “essentially

clean 12 days following the spill In all tanks (see Figures 6-24, 6-26, 6-28,

and 6-30), and subsequent long term

genie material (see Figure 6-33).

The total resolved compound

sampling showed

concentrations

hydrocarbons in bottom sediments were highest when

only the presence of bio-

for incorporated aliphatic

sampled 13 days after the

spill. As noted previously, collected bottom sediments from wave tank #4 must

be considered to be composed mostly of glacial till, whereas sediments collect-

ed at 5, 9 and 12 months from the other tanks are most likely comprised pri-

marily of Kasitsna Bay sediment. 8eaker oil/SPM experiments, conducted

earlier, showed a concentration of 340 Dg/g total resolved aliphatic hydrocar-

bon incorporation by glacial till compared to 161 ~g/g after 13 days in the

wave tank experiments. This lower value in the wave tank is no doubt due to

the flow through nature of the tank, which (when considering the turnover time

ot one tank volume every three hours} would be expected to advect large

amounts of oil-jn-water  before possible impact on bottom sediments. Compari-

son of beaker oil/SPM experimental results, using Kasitsna Bay SPM, with bot-

tom sediments obtained from wave tanks months after the spill, are also uSe-

ful. Beaker oil/SPM data shows that Kasitsna  Bay SPM adsorbed 85 Dg/g of

aliphatic hydrocarbons per gram of sediment; and, wave tank bottom sediments

showed va?ues averaging approximately 40 ug/g. In both cases, partitioning of

the lower molecular weight aliphatics and aromatics into the water column,

with adsorption by SPM primarily limited to higher molecular weight ali-

phatics, was noted. However, bottom sediments collected months after the
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spill are expected to show lower values of total resolved hydrocarbons owing

to dilution by uncontaminated sediments introduced into the tanks

water system, biodegradation after incorporation, and advective

bottom sediments due to wave induced turbulence in the tanks.

by the sea-

removal of

Because GC/MS analysis showed no evidence of any petroleum derived

aromatic compounds present in the bottom sediments and, because of evidence

from particulate phase analysis - indicating no further addition of hydrocar-

bons via dispersion or SPM adsorption after 12 days - the followlng mechanism

for incorporation of hydrocarbons by the bottom sediment is suggested. When

the slick is fairly fresh, dispersion and SPM interactions occur; oil laden

particles sink and become incorporated, while” purely dispersed oil may pos-

sibly

data

slick

become entrained directly into the bottom sediments. As evidenced by

presented in Section 6.3.2.3, this process will occur only until the

becomes weathered enough to form a stable water-in-oil emulsion. Once a

stable mousse is formed tttere is very little additional input of hydrocarbons

to the water co?um~ due to dispersion or SPM adsorption. Once assimilated

into the bottom sediments, or concurrently during the sinking process, the

highly soluble aromatic compounds and the more volatile aliphatic compounds

become partitioned into the

molecular weight aliphatic

makes up 4 to 5 times more

did partition onto the SPM

w a t e r  c o l u m n  l e a v i n g  t h e  i n t e r m e d i a t e  a n d  h i g h e r

c o m p o u n d s  b e h i n d . Al SO , t h e  aliphatic  f r a c t i o n

m a s s  in t h e  s t a r t i n g  o i l ,  a n d  a n y  a r o m a t i c s  w h i c h

may have simply been below our detection limit.

Microbial action with straight chain hydrocarbon preference, will then further

degrade the incorporated oil.

Although we found that dissolution from the slick continued long

after dispersion and particulate interactions had ceased, dissolution was

principally restricted to aromatic compounds. Because no aromatic hydrocarbon

contamination

ably advected

to say that

Indeed, the

of bottom sediments was detected, these compounds were presum-

away before possible impact with bottom sediments. This is not

aromatic compounds cannot be incorporated by bottom sediments.

beaker oll/SPM partitioning experiments (discussed in SectIon
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6.3,1) showed total resolved aromatic compound concentrations ,in the sedimgf

tested, ranged from 9“.6 ~g/g to 385 ug/g. Therefore, important cOnsiderati[
regarding subsurface currents and depth to the bottoms among others, ‘must
taken into account before a reliable forecast concerning pbssible hydrocari
impact on the benthic sediments and organisms can be made.

The preferential par~itioning of the higher molecular weight al

phatics.  int~ the wave tank’ bott~m sediments and the observed  aMet?ce  of ar

matic compounds in those sedimmts agrees well with the studies d o n e

GEARING et al. ( 1979) and WINTERS (1978). Als~, levels of oil adsorbed

bottom sediments are in reasonable agreemeit  with lev;ls determined in 1

small scale laboratory study completed by ZURCHER and THUER (1978).
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6.4 LONG TERM FATE OF STRANDED OIL IN SELECTED REGIMES REPRESENTATIVE
OF THE LOWER CUOK INLET AREA

As another related aspect of the oil weathering program, SAI scien-

tists participated in a collaborative effort with Drs. Griffiths and Morita of

Oregon State University to evaluate long-term weathering trends in sub-tjdal

sediments which had been artificially contaminated with fresh and artificially

weathered ,Cook Inlet crude oil. Because the results of these analyses  de-

tailed the long-term (up to 1 year) chemical weath~rlng of sedimented oil, and

are therefore relevant to the overall goals of this Program, a COPY of our

report on the chemical analyses of the subtidal sediments has been Included as

Appendix G of this report. However, the results will be reviewed briefly

below.

6.4.1 Long Term Fate of Stranded Oil in Sub-tidal Regim&s

In the Griffiths and Morita program, fresh and artificially weath-

ered* Cook Inlet crude oil samples were spiked into subtidal sediment quad-

rants, and these quadrants were then placed back into the subtidal regime in

Kasitsna Bay and Sadie Cove (see Figure 6-4). Three levels of spiking were

utilized: so parts per thousand (ppt), 1 ppt and 0.1 ppt (using both fresh

and artificially weathered crude), and samples from these experiments were

analyzed chemically at time 0 and after 1 year Of natural  weathering in the

subtidal regime.

After one year, essentially no measurable hydrocarbon biodegradation

took place in the sediments which had been spiked at the 50 ppt level with

either fresh or previously weathered Cook Inlet crude

GRIFFITf-lS and MURITA (1980) reported that from time-ser’

sediments spiked at the 50 part per thousand level with

affects of the crude oil on glucose uptake would continue

011. Additionally,

es experiments uslnq

fresh crude oil, the

for 3 to 5 years and

the effects on nitrogen fixation would cont~nue for an estimated 2 to 8 years.

*Oil allowed to stand on sedwater in static tanks for one week.
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At 1 ppt extensive degradation of the lower molecular weight aliph

tic fraction was noted, but many of the aromatic components were not degraded
Statistically significant reductions in glucose uptake rates, nitrogen fix
tlon rates, and redox potentials and a significant  increase In resplrdtl~

percentages were also noted. Interestingly, the effects on nitrogen fixatif

in the 1 to 50 ppt oil range were limited to fresh Cook inlet crude. T)
..

weathered crude oil did not produce the same effects at these concentrations.

,

In the se;iments  treated with 0.1 ppt crude ”oil there was essentlall

100% degradation of both the aliphatic  and aromatic components after one yeal

No significant changes in glucose uptake or respiration rates were noted, al

methane concentrations, C02 production rates, nitrogen fixation and denitrif-

cation rates were not significantly affected. There was, however, an 8!

reduction in redox potential in the quadrants at this level, and this flndir

was deemed to be important since redox potential is depressed after the cruc

oil has been degraded. It was Suggested that the added carbon source plus t!

toxic effects of the oil itself caused an increased BOD in the system, ar

that this then further altered the sediment chemistry after the crude oi

degraded.

Thus , while considerable data

fate and chemical weathering in oil In

arctic, no parallel set of data as yet

/

have been generated on the long-ter

subtidal regimes in the Alaskan SUE

exist on the rates and extents of tr

chemical weathering processes on stranded oil in sub-arctic intertidal zones

As pdrt of this program then, a series of controlled intertidal oil-degrada

tlon experiments were Initiated during the summer 1981 field study. The pre

viously characterized sites, KB-1 through KB-4, plus an additlontil site (KB-5

at the head of Jakolof Bay (Figure 6-4), were thus revisited and a series o

“controlled” intertidal sediment “oilings” were initiated.

6.4.2 Long Term Fate of Stranded Oil in Selected Intertidal Regimes

At each of the sites a series of three 1 m2 vented corrals wer

buried in the intertidal sediments as the tide receded, and then each corra
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was “olle”d” with 1.0 liters “of fresh Prudhoe Bay crude 01 1. A corral was

placed In the upper intertidal zone at an elevat~on  such that tidal floodlng

was expected to occur only every 10 to 16 days during maximum tidal excur-
sions. A second corral was then placed in the middle intertidal zone such

that tidal action would be encountered daily, and finally, a thtrd corral was

buried in the lower intertidal zone such that during neep tides, the sediments

would be continuously covered by seawater for several days. Table 6-16 shows

the number of times each intertidal zone from each site was flooded per month.

The plywood corrals were prefabricated dt Kasitsna Bay and then trans-

ported to each intertidal site by 6oston Whaler. They were bolted toqether at

each site as shown in Figures 6-35 and 6-36, and a narrow trench was then

excavated taking care not to disturb the intertidal sediment surface In the

center of the corral. The corrals were then lowered into place, and excavated

sediment was repacked around the walls. Again, every effort was taken not to

disturb the center portion of the corral where the oil penetration/weathering

experiments were to be completed (Figures 6-37 and 6-38). NO attempt was made

to artificially mix the oil into the intertidal sediment, as the experiments

were intended to simulate, as closely as possible, the effects of oil strand-

ing after contamination during maximum tidal periods. Jakolof Bay was added

to the other previously characterized sites; it 7S a 10catlOfl which experi-

ences permdnent  shore-fast ice during several of the winter months. In this

manner , it was hoped that the effects of this ice cover on intertidal oil

weathering behavior could be examined. As shown by the scanning electro~

microscope data and oil adsorption potential results from these sites, signifi-

cantly different intertidal substrates representative of several low energj’

intertidal regimes were encompassed in this study.

Inttially, three intertidal areas were selected to represent three

environments of significantly different long-range oil vulnerability as

indicated by the associated Hayes/Gundlach  Environmental Susceptibility Index

(ESI) (GUNDLACH  and HAYES, 1978; HAYES et al., 1976). This approach was mudl -

fied, however, to examine the long-term weathering rates of oil In selectively
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Table 6-16 Intertidal Corral Sites - Number of Floodings per Month

Site Location

KB-1 (Grewingk Glacier)

KB-3 (Kasjtsna Bay)

KB-4 (Seldovia Bay)

KB-5 (Jakalof Bay)

a - based on 30 days per

b - this corral (at 22.8

Lower

Number of Floodings per Montha

58 ,

58

58

58

Middle

58

58

51

47

upper

.2b

1 .

month, averaged over one year

ft.) was flooded only two times in one year

I
I



Figure 6-35. Prefabrication  of intertidal -plywood corrals at the Kasitsna Bay
Laboratory.

Figure 6-36. Final construction of intertidal corrals at the site prior to
placement.
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Figure 6-37. Placement of the corral in a trench surrounding an undisturbed
area.

Figure !5-38. Excavated sediment is packed around the edqes of the corral to
secure lt into place.
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different low-energy intertidal regimes as a function of sediment type, detrl -

tal input, fresh water availability and tidal exposure. Thus , while eacn of

the intertidal sites selected could be classified with ESI indices values of 9

and 10 (sheltered tidal flats and/or marshes) subtle d~fferences due to the

topography at the selected sites (including fresh water input, extensive spar-

tlna covering, possibility of wave scour, etc.) were Included in the experi-

mental design. Also, since the ESI ranges in value from 1 through-lO, with 1

being the least vulnerable to oil spill.impacts and 10 be~ng the most vulner-

able, it was believed that by only addressing sites with ESI Indices of 9 and

10, those intertidal regimes which would be most problematic in the event of a

“real” spill would be addressed.

The purpose benhind  evaluation of differential hydrocarbon removal

and oxygenated product formation is to determine if impact profiles can be

generated as a function of the sub-arctic intertidal environment. These data

will be useful to managers in oil spill predictions to assess long-term

affects on different sub-arctic intertidal zones as a function of the energy

regime and the sediment matrix. Correlation of these degradation rates with

further refinement of numerical values (such as the tiayes/Gundlach  index)

might then be helpful in prediction and mapping ultimate long-term impacts for

different intertidal zones. If oiled sediments from a particulate intertidal

reginw were removed by storm activities and then redeposited In the nearshore

subtidal region, potential re-release  of lower molecular weight aromatic com-

pounds to the water column and/or inhibition of biotic activity as demon-

strated by GRIFFITHS and MOllITA (1980) in many of these sediments can take

pl ace. Knowledge of this potential behavior is felt to be important for long-

term environmental impact assessment.

As noted above, data on longer term intertidal weathering of stranded

oil was obtained by reoccupying the field sites during the ensuing Alaskan

programs. Immediately after sampling the sediment from one of these sites,

the sample was either extracted and analyzed at the Kasitsna Bay facility or

shipped frozen to the La Jolla laboratory facility for extraction and anaiysls

(Methods are presented in Appenidx G).
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Several processes occur within the selected intertidal regimes thal

influence the rate at which oil is removed from the environment. They In.

cl ude: physical lifting of the surface oil with incoming tides; evaporatfof

during exposed periods and dissolution during flooded periods; scouring and/o/

shif~ing of the sed?ment by tidal currents or storm-generated wave action

in-situ biodegradation of the oil as it remains trapped in the sediment; an{

sunlight induced photo-oxidation of oil in the surface sediments.

These processes all occur to varying degrees in a- given settinf

depending on the specific intertidal regime and the location of the oil (car.

ral placement) within that regime. The first process of oil removal (physics”

litting with incoming tides) was a very important factor in the lower ant

middle intertidal corrals at all f?ve sites. Typically, after initial Ctillng

the oil from the lower and middle corrals was observed to Ilft off the sedi.
ment with the incoming tide and wash out to sea. At the intertidal site!

where this phenomenon wasn’t observed visually, physical evidence of its occur,

rence was discerned by oil stains on the inner sides of the corrals. Thi!

observation was similar to the findings of Hayes et al., 1979 during the Amoc[

Cadiz oil spill. They reported that during the first week of grounding, oi’

lifted off the beach with each incoming tide and was redeposited on the ebb

During their second study period, one month later, they found the oil to bf

sediment bound. In contrast, the upper corrals weren’t flooded until severa”

days or weeks after oiling, so the oil had a much greater time to penetrat{

into the sediment and become more thoroughly entrained into the sedimenl

matrix.

However, frequency and extent of tidal flooding influences other oi

removal processes rather than just physical lifting of the oil. Tidal flood

ing enhances dissolution of lower molecular weight compounds into the wate

column, shifting and scouring of the sediment -- especially important if thl

corral is located jn a tidal drainage channel, and microbial degradation -

because the seawater percolates through the sediment replenishing nutrient

and dissolved oxygen that are utilized during biodegradation.
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Another important factor influencing whicti processes are active in

oil removal is the sediment type. The grain size and extent of sorting influ-

ence oil penetration (both the depth of penetration and the surface area of

exposed oil), while the organic content and permeability influence absorptive

and adsorptive properties of the sediment and whether an oxidizing (or reduc-

ing) environment will prevail at a given site. Oil introduced into a reducing

environment undergoes very few if any biodegradational changes with time

(Bailey et”al., 1973; Ward and Brock, 1978; DeLaune et al., 1980; and Ward et

al., 1980) .

As discussed previously in this section, these experiments were in-

tended to simulate, as closely as possib”

during maximum tidal periods. Since no

the oil jnto the intertidal sediment,

the corrals were not expected. As such,
tions with time was expected (and seen),

e“, the effects of fresh oil stranding

attempt was made to artificially mlx

Homogeneous oil concentrations within

a general decrease in oil concentra-

but this decrease was only expected

to be qualitatively significant, The majority of data from these intertidal

corral studies lies in differences noted between and within sites during field

observations. For instance, the timing and extent of regrowth (or absence of)
for various plants, algae, mussel colonies, burrowing animals, etc. at each

corral gave valuable information on the toxicity lifetime of 011 contamination

in a particular environment and the toxicity threshold of the resident biota.

Depth observations revealed concentrated bands or pools of 011 due to preferen-

tial penetration caused by sediment discontinuities  and/or layering.

The presence of oil in the field was estimated visually, by smell

(due to the characteristic odor of crude oil), or by feel (rubbing sediment

between the fingers leaves a black, oily residue). Selected samples were then

c o l l e c t e d  t o  s u p p o r t  t h e s e  f i e l d  o b s e r v a t i o n s , and after chemicdl analysis,

valuable data on the absolute concentration of oil in the sediments and quali-

tative differences in the individual components (I.e., ratios which indicate

overall weathering and biodegradative processes) were obtained. These data

were then the most useful in assessing the longevity of oil wlthln the

environment.
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Although the five sites selected for corral placement had similar ES]

vulnerability indices of 9 or 10, they were all different and characteristic

of unique environments that would be encountered in the Lower Cook Inlet area.

Detailed descriptions of each site are presented in Section 6.2. Briefly,

Site KB-1 (Grewingk Glacier Spit) is characterized by a large, protected delta

subject to tidal marine flushing and glacial meltwater input; KB-2 (China Puot

Bay) is a protected tidal mudflat; KB-3 (Kasitsna Bay) is a tidal flat subject

to significant tidal currents; KB-4 (Seldovia Salt Marsh) is in estuarine

surroundings near the mouth of Seldovia River arid is subject to fresh water

(terrestrial ) runoff and marine tidal waters; KB-5 (Jakolof Bay) is at the

mouth of Jakolof River and subject to freshwater runoff and marine tidal

waters (similar to Seldovia Salt Marsh but on a more sloping surface afrd

without the heavy plant growth), Unfortunately, the logistics of reaching

KB-2 (China Poot Bay) made frequent sampling visits difficult, and this inter-

tidal site was abandoned shortly after its inception. i%ta and observations

from each of the other sites are discussed in the following sections and fig-

ures of the intertidal profiles, generated

presented. In addition, a combination of

graph illustrations, and gas chromatographic

sented to support the observations.

6.4.2.1 KB-I Grewingk Glacier Spit

using water-level transects, are

photographs, summary tables, bar

profiles from the sites are pre-

This site was characterized by a significant gravel berm originating

from glacial and marine deposits with a meandering stream containing glacial-

melt waters running parallel to the coastline (Figure 6-39) and through exten-

sive mud flats inshore of the gravel berm (Figure 6-40). Figure 6-41 shows

the two dimensional profile of this intertidal site. This profile, and pro-

files of other intertidal sites, was generated in five meter increments using

the water transect method illustrated in Figure 6-42. Measurements were begur

at water level during a low tide, and height differences between ends of the

five-meter tube were referenced to the known low tide height as transects

progressed up the intertidal zone. The profile (Figure 6-41) shows that t
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Figure 6-39. ‘Site KB-1 (Grewingk Glacier Spit) - Transect data being obtained
where the middle corral will be placed.
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Figure 6-40. Site KB-1 (Grewlngk Glacier
runs throuqh  the mud flats where the lowest
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Figure 6-41. Profile of Intertidal Corral Site KB-1 (Grewingk Glacier Spit)
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Figur&” 6-42. Example of the Water Level Transect Method
a.t the Intertidal Corral Sites.
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used to obtain Profiles
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fairly steep slope of approximately 12% exists between the upper and middle

corrals and continues on down to the meltwater drainage channel. The sediment

levels out at this point and the lower corral is located on the other side of

the channel on fairly level terrian. Figure 6-43 shows the relative distance

and tidal height variation in the three intertidal corrals placed at this

site. The corral in the foreground of the figure is in the lowest intertidal

zone in the mudflats, and the corral in the center of the picture is in the

mid-tide zone. The upper tidal corral i

the berm near the scientists standing in

The upper corral (buried near

s located just inshore of the crest of

the background.

the top of the semi-permanent sand-

gravel berm) was approximately 10 meters away from the highest high tide mark.

The sediment was a fine, dark sand interspersed with rocks ranging from 3-2C

cm in diameter. A number of green plants were also present, suggesting that

this area is only occasionally inundated by seawater. The sediment at the

middle corral was similar to the upper, except the sand was coarser and the

rocks were a bit larger. The lower corral sediment was characterized by a

very fine mud/silt of glacially and marine-derived materials. Significant

amounts of stranded algae and mussels were present, and the mud was extremely

soft to foot pressure (in some areas personnel to sank to mid-calf). The

surface sediments at the lower corral were a light gray, but the mud was black

at depths greater than - 1 cm. The odor of hydrogen sulfide in disturbed

areas suggested a reducing environment in the subsurface sediments.

The corrals were oiled with 1.0 liters of fresh Prudhoe Bay crude oil

and then allowed to undergo natural weathering processes for up to 17 months,

Oil was spilled on September 1, 1981 during a receding low tide. The oil that

was spilled into the lower corral formed pools and didn’t appear to sink intc

the sediment to any great degree, although some was observed to percolate intc

the sediment through worm boreholes. At the middle and upper corrals, how-

ever, the oil sank in quickly (within 30 to 60 seconds) and only minimal pool-

ing was observed. This site was occupied long enough for the tide to come ir

and cover the lowest corral. The oil which was still pooled on the surfac~
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Figure 6-43. Relatlve distance and helqht variation for all three corrals

placed at site KB-1 (Grewlngk Glacler Spit).
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was observed to lift off ‘the sediment and float away on the water, while much

of the oil that had soaked into the sediment was forced out hydrostatically,

and it too floated away on the water surface. Figure 6-44 shows the aliphatic

and aromatic FID-GC chromatograms of sediment from the middle corral, sampled

immediately after the spill of 1 liter of Prudhoe Bay crude oil. Both frac-

tions are characteristic of “fresh” Prudhoe Bay crude oil, i.e., an oil which

hasn’t undergone any alteration or weathering.

Returning to this site after 10 months, the lowest corral was found

to be covered with algae and fucus. Figures 6-45 and 6-46 show the status bf

the low tide corral after 10 months. Deposits of fine, silty material were

observed within the corral and on all the surrounding sediments. Although the

tide was out beyond the corral, some standing water was still noted in the wet

sediment. The drainage on this nearly level tidal flat appears quite poor.

Sampling of the corral caused considerable amounts of silver and slightly

colored sheen to form on the standing water, and a strong hydrogen sulfide

odor was again noted. Figure 6-47 and 6-48show  the sheen formation at 10 and

17 months after initial oiling. Obviously, not all the oil at this lowest

site was lifted out of the sediment on incoming tides.

The photographs in Figures 6-49 and 6-50 show tne status of the

middle and upper corrals after 10 months. The middle corral was observed to

have filled

boundaries.

or longshore
ing, etc.).

the time of

with coarse sand and gravel to the upper limits of its wooden

Apparently, this intertidal area is subject to strong tidal and/

currents causing significant sediment movement (shifting, slump-

When the new sediment was scraped away to its original level at

oiling, no observable evidence of oil contamination was seen.
However, at a depth of 12 to 16 inches below the original level, a distinct

oil smell was noted in the sediment. The upper corral, unfortunately, was

observed to have been used as a fire-ring sometime between the one month and

10 month sampling periods. As such, all surface and near-surface samples were

suspect due to pyrogenic  input and/or alteration of existing oil. At eight

Inches below the sediment surface a sand layer was encountered which still had

d very distinctive Oil Smell.
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Figure 6-44. FID-GC chromatograms  of sediment extracts from Grewingk Glacier
(site K8-1) !4iddle corral immediately following a spill of 1 l’iter
of Prudhae Bay crude oil. (A) Aliphatic fraction, and (B) Aromatic
fraction.
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Figure 6-45. Site KB-1 (Grewingk Glacier Spit) - Appearance of the lowest
corral after 10 months.

Figure 6-46. Interior of the lowest corral
after 10 months of weathering.
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Figure 6-47. Sampling at the lower corral at KB-1 (Grewingk Glacier Spit)
after 10 months of weathering.
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Figure 6-48. Sampling at tne site of the lower corral at KB-1 (Grewingk
Glacier Spit) after 17 months of weathering.
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Figure 6-49. Sjte KB-1 (Grewingk Glacier Spit) Middle corral after 10 months
of weathering.

Figure 6-50. Site KB-1 (Grewingk Glacier Spit) M~ddle corral prior to
sampling after 10 months of exposure.
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Figures 6-51 and 6-52 show chromatograrris of sediment extracts frOm

the corrals after 12 months of weathering. Comparing the aliphatic  fractions

from all three corrals in Figure 6-51 shows a distinct difference between the

lower corral and the other two. Except for the branched isoprenoids pristane,
phytane, and farnesane, the lower corral sediment had very few resolved peaks

of consequence. Some of the higher molecular weight n-alkanes (ranging from

nC-24 to nC-32) were present, but they too were only .present at very low con-

centrations. The middle and upper corrals, on the other hand, contained oil

which had been altered very little (except for loss of light ends) from the

“fresh” parent oil that was spilled 12 months earlier. Evidently, the oil at

the lower corral was largely removed by initial tidal flushing and it had

undergone more extensive degradation than at the other two corrals. The

aromatic fractions for the middle and upper corrals in Figure 6-52 show the

upper to have more resolved compounds. This possibly suggests less weathering

at the upper corral , and presumably reflects the infrequency of tidal flushing

and the porosity of the sediment which allowed significant oil penetration on

initial oiling.

At 17 months a depth profile of the upper corral was completed. The

chromatograms  in Figure 6-53 show aliphatic  and aromatic fractions from depths

of 10 inches and 24 inches, respectively. Table 6-17 compares total resolved

and unresolved concentrations for the two, and various ratios that indicate

weathering and biodegradation. The chromatograms and the table are remarkable

in that they show very little alteration of the oil over the 17 month period.

This is probably a reflection of the limited tidal flooding at the upper

corral and, owing to the depth of sinking, limited evaporative losses. The

sediment-bound oil contains ri-alkanes  down to nC-11 (as compared to 011 from a
wave tank experiment of similar duration which shows total loss of n-alkanes

up to nC-15). The sediment from the upper (and middle) corrals is a porous

sand-gravel mixture having very little interstitial water. This type of sub-

strate allows the oil to sink very quickly, and to a greater depth, than it

would at a fine-grained site like the lower corral.
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Figure 6-51. FID-GC chromatograms  of sediment extracts from Grewin!k Glacier.
(site KB-1). Aliphatic fraction 12 months after a spill of 1 Ilter
of Prudhoe Bay crude oil. (A) Lower, (B) !Iiddle, and (C) Upper
Intertidal corral sites.
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Figure 6-52” FU3-GC chr~atgr~
of se~imnt extracts

fmm Grewingk Glacier

(site K$-~). Armatic fraction
12 ~nthS after a ‘Pi11 ‘f l~~~r~~

of Wudhoe Bay crude oil.
(A) Middles (B) Upper Intertidal

sites.
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Figure 6-53. FID-GC  chromatograms of sedirent
extracts f~n Grcwingk Glacier

(site KB-1). Upper corral site 17 months after a spill of 1 liter of
Prudhoe Bay crude oil. (A) Aliphatic fractifJn fr!m a ‘eP~~a~[i~~’”
(B) Aromatic fraction from a depth of 10”, (C) Allphatlc
fran a depth of 24”, and (G) Aromatic fraction from a depth of 24”.



TABLE 6~17. K13-1 GREIWDGK GLACIER SPIT

Sample
depth
(inches)

10”

24”

Reference a

Depth profile of Hydrocarbon Concentrations and Weathering Ratios
in the Upper Intertidal Oxral at 17 Months Post-spill

I
Total Total
Resolved Unresolved

kmcentration Concentration

221 UCJ/g

48 ug/g

887 ug/g

187 Ug/g

nC-17/ nC-18\
pristane @lytane

,

1.5 2.1

1.3 1.7

1.8

I

2.1.

Total ReSOIVed/
Total Unresolved

0.25

0.26

O * 3 5

—

a- ‘1’he Reference valws were calculated by multiple FID-GC analyses of “fresh” unaltered
Prudhoe Bay crude oil.

—



After 17 months, the low tide corral had been washed away by ~cl

scour and. excessive run off from the Grewingk Glacier and surrounding wate:

sheds. The former locatlon of the corral could be determined, however, b;

triangulation with stable landmarks and the positions of the upper and middll

intertidal corrals’. Digging in the general area where the corral had heel

located-caused oil droplets to come to the surface, emitting considerabl~

sheen as shown in Figure 6-48. Figure 6-54 shows chromatograms from the Ilwel

corral after 17 months. Again, these chromatograms emphasize the extensiv[

alteration that has taken place at the lower corral. Similar to the 12 mohtl

sample, the branched isoprenoids  pri-stane, phytane, and farnesane Clearl!

predominate over the other resolved peaks, although a suite of n-alkanes  fror

nC-23 to nC-31 is seen. Except-for one very large unidentified peak at Koval

1638 in the a?iphatic  fraction, these chromatograms are nearly identical t{

those generated from the 12-month sediments.

A summary

presented in Table

6-56. (When more

of absolute concentrations in the sediments over time i!

6-18, and illustrated with bar graphs in Figures 6-55 anf

than one depth sample was analyzed these concentration:

represent an average value.) As expected, the concentration of oil in th(

sediment diminishes with time. However, when comparing the two bar grap!

illustrations, the total resolved components generally show a greater rate 01

reduction than the total unresolved complex mixture. This indicates that the

oil is not only experiencing physical removal, but undergoing alteration pro.

cesses such as evaporation, dissolution, and biodegradation. The apparenl

increases in relative concentrations at selected locations (e.g., Middlf

Corral at 1 and 10 months) also reflect the heterogeneity in the sediments du[

to slightly different percolation

always obtaining a “representative”

rates and the experimental difficulties i;

sample.

Although Table 6-18 and the bar graph illustrations show the genera”

trend of diminishing oil concentration with time, they are somewhat misleadin!

for the lower corral. As was noted in the field observations, most of the oi

at the lower corral was lifted from the sediment on the first incoming tide
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If

ure 6-54. FIO-GC chromatograms of sediment extracts from Grewingk Glacier
(site K&l). Lower corral site 17 months after a spill of 3 liter
of Piwdhoe Bay crude oil. (A) Aliphatic fractions and (B) Aromatic
fraction.

6-113



I

TABLE 6-18. K&l GRENIIGK GLACIER SPIT
I

Concentration of Total Resolved and Unresolved Compounds t
in the Intertidal Sediments at Various Times 3Mst-Spi.11 [I

(all concentrations in ug/g)  a

Day O Day 4 1 Month 10 Months 12 Months 17 Months

UPPER Total resolved ( ug/g) 2,588 1,060 1,169 891 1 2 2 1 3 5
ci)RRAL Total unresolved (q/g) 8,112 4,615 5,092 1,797 607 537

MIDDLE Total resolved (ug/g) 7,507 1,878 230 590 251 43
a)RRAL ‘Ibtal. unresolved (ug/g) 27,228 .9,151 2,102 9,635 3,727 658

IllVER Total resolved (ug/g) 618 Mb 137 NA 18 42
@33RAL Total unresolved (ug/g) 2,934 NA 435 NA 188 713

I

a - When more than one sample was analyzed for a spcific time point these nmbers represent -,
average values. I ,

b - NA indicates sample not analyzed or not available.



W-1 GRE’AH4GK GLACIER  SPIT

100

Time

FIGURE 6-55. Relatlve Abundance of Resolved Compounds
Sediment at~arious Times Post-Spill.

b

12 Months 17 .Honths

Remaining in the

n Upper Corral

n
Middle Corral

a Lower Corral I

FIGURE 6-56. Relative Abundance of Unresolved Compounds Remaining in tlw
Sediment at Various Times Post-Spill.

%A tndicates sample not analyzed or not available.
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The Day O concentration of oil in the sedimetit  reflects tliis phenomenon s~f

it is nearly an order of magnitude less than the middle and upper level

Consequently, the oil concentrations at the lower corral ddnlt drop as quick

as one would expect, but this is simply an artifact of the Day O liftir

14hen. this factor is taken into account, the oil seems to be most persistent

the upper-corral. It had the highest absolute concentratl~n of-oil in 1

sediment after 17 months, and showed the. slowest rate of removal. .

The bio-toxicity lifetime of the oil at the lowest intertidal corr

appeared quite short; after only 10 months the corral had a mussel commdhi

growing within its boundaries and numerous algal growths and Fucus attached
the sediment and on the corral borders (previously stained with oil). Bi

toxicity interpretations at the middle and upper corrals were not as easi

made since there was very little pre-spill bio-growth  at these locations. 1

middle corral was located on a steeply sloping sand-gravel substrate. Observ

tions showed it to be filling with sand and gravel, indicating that this inte

tidal area is subject to moderate sediment shifting, slumping, etc. The upp

corral was located near the permanent berm which had a variety of green plan

and other growth, but because it had been used as a fire-ring it was difficu

to make conclusive plant growth observations. Any plants which were growi

in the corral would have been burned by this fire, and dormant seeds wou

have been destroyed as a result of the intense heat.

One other Important consideration in reviewing these data is that t

absolute concentrations in Table 6-18 represent selective samplings of t

corrals. Sediment from each corral was carefully inspected and only tho

patches where oil was observed were sampled. After 17 months of weatherin

011 was not observed at the upper corral until 10 inches of surface sedlmen

had been removed. in actuality, the concentrations in Table 6-18 represent

worst case. A large, homogeneous sample of the seal”

shown far lower concentrations of the oil with time.

ment would probably ha
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6.4.2.2 KB-3 Kasltsna Bay

Much of Kasitsm Bay is a tidal mud flat characterized by dense mus-

sel beds (Mytilus edulis) and intense algal growth (mostly Fucus). The water

transect of this intertidal site is shown in Figure 6-57. As the profile

shows , both the upper and middle corrals were located on a tidal slope of

approximately 7%. About halfway between the middle and lower corrals the

sediments leveled out to a tidal flat where the lowest corral was located.

Figures 6-58 and 6-59 show photograph’s of this intertidal site. These mufl-

flats are protected from

ing at Nubble Point) as

above the highest high

erosion into Kachemak Bay by MacDonald Spit (terminat-

shown in the chart in Figure 6-4. The spit is well

tide level and supports a significant growth of pine

and other needleleaf evergreens (see Figure 6-59).

The upper intertidal zone of MacDonald Spit received considerable

amounts of beach wrack (logs, timber, and other debris] from occasional

storms. The Upper corral was placed about 1 meter away from the kelp line

(indicating the limit of the most recent high tides). A large log was located

about 1 meter seaward of the corral and probably shielded it from some water-

wave exposure and tidal currents (see Figure 6-60). The sediment at this site

was homogeneous down to at least 18 inches (depth of corral placement) and

primarily contained sand with some cobble sized rocks ranging from 1 to 3 cm

in diameter. The sediment at the middle corral (Figure 6-61) was the same

type of unconsolidated sand and gravel mixture, however, it was covered with a

thin 1-2 mm coating of very fine sedimentary ooze. Below this ooze the secti-

ment was homogeneous and appeared to be well oxidized. Numerous shell frag-

ments, barnacles and some marine algae were also present; probably deposited

by receding tides. During burial of the corral, water was encountered at a

depth of about 12 inches, and this could affect the depth of maximum oil pene-

tration. The lowest intertidal corral was

ure 6-62). Similar to the middle corral,

site was covered with a thin Idyer of gray

the sediment was black and smelled anoxic.

located in the tidal mudflats (Flg-

the surface of the sediment at this

sedimentary ooze. Below the ooze,

It was very wet and quite soft to
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Figure  fJ-5H. ~lte K8-3 (Kasjtsna Bay) c~l~~~tj~n  of sediment f o r
chdracterlzatlon wrDoses.

Figure 6-59. Site K3-3 (KdsT’>,.  -., I . ,’. #nere the lower COrral will
be placed.
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Figure 6-60. Position of the” upper corral at site KB-3 (Kasitsna  Bay).

Figure 6-61. Position of them” ddlecorral at site KB-3 (Kasitsna Bay)
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Figure 6-62. Appearance of the Iower corral at site KB-3 (Kasitsna Bay)
irrrnediately after o?l addition on September 12, 1981.
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foot pressure. Numerous clam burrows, mussel cormnunities, and various algi

growths were-noted at this 10 Cale. This site was inundated by tides on

daily basis and standing pools of water were present during all but the lowe:

tides (,Figure 6-62). Sediments from all three corral sites were analyz~

prior to oiling and the chromatograms from these samples are presented i

Figure 6-63. As tl~e figure shows, very few resolved peaks were detected i

these background samples.

#
The oil was spilled on September 4, 1981, thirty minutes before

four foot low tide. At the low corral, very little of the oil was observed t

sink into the sediment. Most of it pooled in depressions caused by corri

placement, or floated on the standing water present in some of the depre:

sionsi As oil was spilled at the middle corral, the sloping surface with?n tr

corral caused much of the oil to flow towards the seaward corral wall. TF

oil pooled into depressions near the edge of the corral and sank within 2 to
minutes. However, “the undisturbed quadrant in the middle of the corral stil

had small standing pools of oil (approximately 8 mm thick) on the ooze sur

face. Apparently, the surfacial flocculate material hindered the oil frc

penetrating into the coarser-grained  sediment below. In an effort to correc

for the slope, oil at the upper site was spilled onto the uppermost part o

the corral, giving it more time to penetrate the sediment before flowing t

the downhill edge of the corral. The oil sank quickly into this coarse

gra~ned sediment matrix, and no pooling was observed. Before leavlng Mac

Donald Spit, the low intertidal corral was re-occupied  for further observa
.
tionse Thirty minutes after addition, most of the oil was still observed i

standing Pools. As such, penetration was limited at this corral.

Returning to the lowest corral after 7 days, oil sheen was stil

observed on the standing water within the corral. The sides of the corra

were oil-stained, suggesting that the incoming tide had lifted oil off of (an

out of) the sediment. At the middle corral there was no visible evidence o

oil on the sediment surface, but underlying rocks were stained. The uppermos

site still hadn’t been covered by the tides and oil was visibly evident. Th

sediment within the corral looked llke dark coffee grounds.

6-.122



A

.-

:

~
. . ..--

1 B

‘igure 6-63. FIiJ-GC chromatogr~s of backround sedimnt extracts from ~asitsna Bay
(site KB-3). (A) Lower, (B) Piiddle, and (C] Upper Intertidal corral
sites.



After 10 months of weathering the intertidal corrals were revisited

The lower intertidal site had the familiar 5-10 mm covering  of light brow!

ooze with dark black mud underneath. The distinct odor of hydroge~ sulfid(

was very evident when the sediment was disturbed. A small Fucus colony waf

growing in the corral and the corral structure itself was covered with green.

colored algae. The sediment sample from this site consisted of an oily layel

at 2 to 3 inches depth. Some oil sheen was observed on the water during sam-

ple collection, and a few dark, shiny patches of oil were observed at in the :

to 3 inch depth. The middle intertidal sediment and corral were covered wltr

Fucus and juvenile barnacles. Fine sedimentary particles, which apparently

settle out with each receding tide, blanketed the sediment. The sample cole

lected at this site consisted of sediment from just below the surface down tc

about 4 inches depth. At 2 to 3 inches a distinct oil layer was encountered

with a characteristic crude oil odor and sediment discoloration. The corral

structure at the upper intertidal site was pretty banged up

bly, this was caused by collisions with rocks and other

storm events. Contaminated sediment wasn’t encountered

approximately 8 inches at this site. At 12 to 14 inches

oil, or extremely oily sand, was encountered.

and worn. Presuma-

beach wrack durin{

until a depth 01

a discrete band of

FID-GC chromatograms of all three corrals after 10 months of weather-

ing are shown in Figure 6-64. Compositionally, the oil at all three sites 1:

quite different. The middle corral exhibits enhanced biodegradation relativ~

to the other two, oil in the lower corral opens to contain more low molecular

weight hydrocarbons than the others. Lower molecular weight hydrocarbons are

normally removed by a combination of evaporative and dissolutive processes.

However, these oil removal processes are severely hindered at the lowest inter-

tidal site because the fine, muddy sediments have very little mixinq energy

( 1 imlted dissolution) and they retain so much water that even during exposed

periods they remain wet (limited evaporation). What oil dld penetrate this

site through worm and clam vent holes, apparently did not undergo extensive
weathering within this time frame.
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Figurb 6-64. FTE& chrcpatcgrams cf scdtment  extracts fron Kasitsna nay {site KB-~)
LU months after a spill of 1 liter of Prudhoe Bay crude oil. (A) Lower,
(B) Middle, and (C) Upper Intertidal corral sites. Note - the PIV
for the chrcanatogram in Figure A Is approximately 10 times less than
that of Figure B or Figure C.
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Two months, later MacDonald Spit (Ka.sitsna  Bay) was reoccupied t[

allow collection of 12 month post-spill samples and field observations. At

the middle corral samples were taken from the 1 to 2 inch range and 4 to {

Inch depths. Figure 6-65 shows chromatograms of the aliphatic  and aromati(

fractions from these “samples and Table 6-18 presents the reduced data alon{

with various weathering ratios. The surface sediment had a large, bimodal UC1

and was devoid of the usual suite of n-alkanes. Except for the isoprenoids

pristane, pttytane, and farnesane, there were very few resolved peaks of conse-

quence. The oil at 4 to

nearly the same extent.

resolved/total unresolved

8 inches also experienced degradation, but not tc
Ratios of nC-17/pristane, nC-18/phytane, and total

were significantly lower than for the parent oil,

but .n-alkanes still dominate the resolved peaks in the chromatogram. The

aromatic friictlons  are not concentrated enough to allow detailed descriptions.
of differences, but the 4 to 8 inch sample does appear to contain more re-

solved compounds. Unfortunately, a seawall was built near the high tide mark

between the 10 month and 12 month sampling periods. The upper intertidal site

was destroyed during the construction and no more samples or observations were

possible.

During the Spring 1983 field effort (17 months post-spill) observa-

tions of the lower intertidal site showed significant algal growth and several

clam burrows within the corral. Figure 6-66 and 6-67 show the appearance of

the lowest intertidal corral “17 months after initiation of the experiment.

Also shown In Figure 6-66 is the seawall built against the timberline on

MacDonald’s spit approximately ten to eleven months after initiation of the

experiment. As shown by Figure 6-67, the lower intertidal corral had consid-

erable overgrowth of algae and fucus, and the corral itself was covered by

significant layers of marine algae. In addition, the sediment appeared to be

a l~ghter color and more oxygenated than during previous observations. While

sampling, various worms

with the characteristic

depth. At this depth,

water.

and other infaunal organisms were noted. Sediment

crude oil odor was not discovered until 14 inches

sampling caused formation of a slight sheen on the
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Figure 6-65.

c

F1O-GC chrmatogram of sedfmnt extracts frm Kasitsna  Bay (.Site K3-3)
12 months after a spill of I liter of %udhoe Bay crude oil at the
Middle corral site. (A) Aliphatic fraction  at a depth  of 1-2*, (B)
Aromatic  fraction  at a depth of 1-2”, (C) Aliphatic fraction at a
depth of 4-8”, and (D) Arunatlc fraction at a deuth of 4-8”.
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Figure 6-66. Site K13-3 (Kasitsna B a y )  Lowest corral after 17 months of
weathering.

Figure 6-67. Site KB-3 (Kasitsna Bay) Interior of the lower corral prior
Sampllng after 17 months of weathering.

t o
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sample’
depth

( inchmi)

1 to 2“

4 to 8“

Ref erencea

/.

TABLE b-l; KB-3 KASITSNA BAY

13epth Profile of Hydrocxirbon  Qxmentrations and Weathering Ratioe
in the Middle Intertidal tirral at 12 Months FOst-Spill

Total
Resolved

Concentration

62.5 ug/g

137 Ug/g

Total.
Unresolved
Concentration

1,244 ug/g

643 ugig

—-

nC-17/
pristane

O*2

1 . 8

nC-1 w Total Resolved/
phytane !IWal Unresolved

‘ 1 0.05

0,4 0.49

2.1 0.35

a- !l%e Reference values were calculated by multiple FID-GC analyses of “f reshn unaltered
Prudhoe Bay crude oil.



Figure 6-68 shows

tion of the experiment..

m~ddle intertidal corrals

the middle Intertidal corr~l 17 months after if’titi~-

The surface of the sediment for bdth the lower iifld

appeared identical to the sediment in each adjacdht

surrounding area and there appeared to be no obvious reduttion in barnakle
growth or algae (as seen in the photographs).

Table 6-20 documents the changes in oil coficentrat~ons  at the thi%e

intertidal sites over time. (When more than one depth sample was analy~~d

these concentrations represent an average value.) The lower torral had a mtkh

lower Day” O concentration than the other corrals. This is due to poor d;l

p~netration  and subsequent lifting with the incoming tide (similar to otti~r

lower corral intertidal sites). Figures 6-69 and 6-70 are visual illustra-

tions of the relative

ral , the bar graphs

diminished with time,

several months. The

drop further than the

being compositionally

corral was slower than

quent tidal coverage.

abundance of oil at various times post-spi?l. in gen&-

show that the concentration of oil in the SEKf?fWd?.S

radically at first and then at a reduced rate after

total chromatographical resolved components tended to

total unresolved compounds, indicating that the oil was

altered over time. Initial

at the other two; presumably

After 10 months, however,

middle and upper corrals were very similar, but

oil removal at the upper

this was due to Tts infre-

oil concentrations in the

seawall construction made

further comparisons impossible. The most recent sampling of the corrals (I7

months post-spill) showed the middle corral to have a somewhat higher oil

concentration than the lower. But, in any case, it is only 3% of the Day O

unresolved concentration and 1% of the Day O resolved concentration, showing

that oil removal has been almost complete.

Bio-toxicity at the lower corral

months. Numerous e

and on the corral.

are limited since “

intertidal regime.

this sediment after

appeared to be negligible after 17

biota were observed in the sediment)ifaunal and infaunal

Visual bio-toxicity interpretations at the middle corral

t was located in a more sparsely populated zone of the

However, as Table 6-20 shows, the concentration of oil in

17 months was quite low and comparable to the concentra-

tion found at the lower corral.

● a/ l



Figure 6-68. Site [8-3
17 Nnths

of Weatherlnq”

corral Prior to sampling after

(Kasitsna Bay) ?+!idd~e
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TABLE 6-20. KB-3 KASITSNA BAY

Concentration of Total Resolved and Unresolved @mpounds
in the Intertidal Sedinx?nts at Various Times Post-Spill

(all concentrations in ug/g) a -

Day o Day 17 5 Months 10 Months

UPPER Total resolved (ug/g) 2,249 1,117 490 86
mRRAL Total unresolved (ug/g) 4,098 2,350 1,090 506

MIDDLE Total resolved (uq/g) 1,198 NA 20.1
a)RRAL Total unresolved (ug/g) 5,660 NA 275 66;

II14ER Total resolved (ug/g) 590 NA m 21.8
@XRAL Total unresolved (ug/g) 658 NA NA $9.8

I

12 Months 17Months

T

100
I

10.2
944 70.1

NA
I

8.24
NA 18.5

a- When more than one sample was analyzed for a specific time point these numbers represent
average values.

b- NA indicates sample not analyzed or not available.
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FIGURE 6-69. Relative Abundance of Resolved Compounds
Sediment at Various Times Post-Spill.

,
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FIGuRE 6-70. Relative Abundance of Unresolved Compounds Remaininq  in ttIe
Sediment at Various Times Post-Spill.

aNA indicates sample not analyzed or not available.

6-133



In conclusion, the most remarkable observations at the Kasitsna Bay

intertidal sites were the drastic d?fferertces  noted between surface and sub-

surface sediments at the middle corral after 12 months of weathering. Appar-

ently, the processes which enhance oil degradation are more active in the sur-

face sediments within this particular regime.

6.4.2.3 KB-4 Seldovia Salt Marsh

The Seldovia Salt Marsh is characteristic of a classic estuary and i:

covered by extensive mudflats and Spartina growth. The tidal range at this

site is very large, and during the daily tidal range extensive areas are alter-

nately submerged and exposed (Figures 6-71 and 6-72).

In preparation for the experiment, vertical water transects wer[

taken, and an intertidal vertical profile was generated. Figure 6-73 show:

the two-dimensional intertidal profile at this site. The placement of inter.

tidal corrals and their height above mean low tide is also indicated in thf

figure. The sediment at the upper corral was characterized by a thin (approx

1“} layer of organic material comprised mostly of decomposing Spartina,  an[

assorted tw~gs and branches. The upper intertidal site was located adjacenl

to the timberline at the uppermost edge of the Spartina  zone (Figure 6-74)

The corral was placed in an area where Spartina growth was still evident bul

significantly less dense than at the mid tide site (Figures 6-75 and 6-76)

The soil in the upper intertidal corral had very little plant growth presenl

at the time of oiling (Figure 6-76). The underlying material was mostl~

coarse sand with quite a bit of cobble-sized rock. The middle corral was

located about 50 meters seaward from the upper intertidal site in the middl(

of a tidal drainage channel. Figures 6-77 and 6-78 show the channel during i

floodstage and at low tide, respectively. The channel was characterized b:

low marsh grass growing on 1-1/2 to 2 inches of topsoil, consisting primaril!

of marsh grass roots and other decaying organic material. The area was ver:

rocky and the sediment itself was a coarse sand. Installation of the middl(

corral was completed, as at the other sites, where a trench was dug takin~

6-134



-- ---. . ._- -

“~~.’-’ -  --
>..

- 
—--=2s2s- -~~..--.-=- := -: —= ---- ----= .-~*--- -._—= -

--- -==-s -_-= .- —--= -—=. --- —“~.-
—. :* ‘---

---

“ \\. --= .--<, > r--
4./ < -a-. ---

= .--=---< —-—.

—
— —_-. --- -

— — - ’  ‘--.= -.
- .7—-— - --—. ..2----. -—. .------ —---.”-—----- . ----- - . ---

. . - ---- -a- - -.— .---- -
.~:~ -.—.’--  - - -  . :  , - . . .  ~.: ;

-a—”  -_ - —. —- -:  - - - - ---—.
- - -~ - - - - -  - - - - -

..-. -  -.—_-—  .---=  - - - -
--—-  - - - - _-

-. . -  —----’ —---- -—------_,& -..- -  - - -  ----” --~-=l-.. --?= ----  - . - & ---z

Figure 6-71. Site KB-4 {Seldovia Salt

-..

— ----. . _ -—:--- < ---+@%i.ti _ . ~ ~

Marsh) at h i g h  t i d e .

Figure 6-72. Site KB-4 (Seldovia Salt Marsh} at low tide.
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Figure 6-74. Location of the upper corral site at KB-4 (Se
prior to corral installation.
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Figure 6-75. Site KB-4 (Seldovia Salt Marsh) position of the uppermos: .[lr~al.

Figure 6-76. Addition of crude oil to the upper corral at site KB-4 (Seldovla
Salt Marsh).
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Figure 6-77. Transect data collection at KB-4 (Seldovia Salt Marsh) where the
middle corral will be placed’).

,

F i g u r e  6-78. Position of the middle corral at site KB-4 (Seldovia Salt Marsh)
shown at low tide.

6-139



{..

care not to disturb the Spartina growth as shown in Figures 6-79 and 6-80.
The lower corral was placed on a tidal flat about 60 meters seaward of the

middle intertidal corral. The sediment was rocky on the surface with attached

marine algae and kelp. There was also a substantial amount of shell and barna-

cle growth at this lowest intertidal zone. A light veneer of brown flocculate

material blanketed the surface of the sediment. Underneath this brown skin

was a layer of gray material which extended down to about 1/2 inch. During

corral installation there was very little evidence of hydrogen sulfide, sug-

gesting that the native area is reasonably well oyidized. Figure 6-81 pre-

sents the FID-GC profiles obtained on the sediments from these station Iota.

tions before initiation of the intertidal oil weathering experiments. Fey few
if any components were observed at any of the tide heights.

Oil was spilled during a receding 19.6 ft. tide on September 1, 1981.

Figure 6-82 shows oil as it was applied to the middle corral. Similar to the

other intertidal locations, oil from the middle and lower intertidal corrals

was visually observed to lift off the sediment with the incoming tide. Oi 1

stains on the corral walls gave further evidence of this occurrence. The

upper corral was not flooded by the tides until September 26, approximately
one month after oiling. Thus, the oil at the upper corral had a much greater

time to sink in and become thoroughly entrained into the sediment matrix. The

organic material (decomposing Spartina, twigs, branches etc.) which blankets

the sediment at the upper and middle corrals was noted to trap a fair amount

of oil. Visible drops were noted throughout this layer during the day 3 and 1

month sampling trips.

Figure 6-83 c o m p a r e s  chromatograms  of unt’ractionated  s e d i m e n t

t r a c t s  f r o m  t h e  u p p e r  a n d  m i d d l e  c o r r a l s  a f t e r  1 0  m o n t h s  o f  w e a t h e r i n g .

m i d d l e  c o r r a l  s a m p l e  w a s  c o l l e c t e d  f r o m  a  d e p t h  o f  a p p r o x i m a t e l y  2  i n c h e s

showed a

period.

phytane,

matogram

ex-

The

and

considerable loss of resolved components over the 10 month weathering

The most abundant resolved compounds were the isoprenoids  pristane,

and farnesane. A large UCM occurring in the latter part of the chro-

was the predominant feature of this chromatogram. In comparison, the
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Figure 6-79. Preparation for placement of the middle corra? at site KB-4
(Seldovia Salt Marsh).

/

Figure 6-80. Installation of middle corral at site KB-4 (Seldovia Salt Marsh]
around undisturbed sediinent. 6-141
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Figure 6*81. FID-GC chromatograns of background sediment extracts f~om
Seldovia Bay (site KB-4). LA) Lower, (B) ~fiddle. and (C) UPP~r
Intertidal corral sites.
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t o  t h e  middle corral
at s i t e  K~-4

Figure  6-8Z. Application of c r u d e  oil

{Seldovia  S a l t  M a r s h ) .
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Figure 6-83. FID-GC chromatogram of sediment extracts from Seldovia Bay
[site KB-4) 10 months after a spil 1 of 1 1 iter of Prudhoe
Bay crude oil. (A) Middle, and (B) Upper Intertidal corral
s i t e s .
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chromatogram from the upper corrai had a distlnct?ve suite ot n-ctlkdfI&S

ranging from n~-12 to nC-30. It also exhibited a moderate -UCM, but not

enhanced at the higher molecular we~ght end, as in the chromatogram  from the

middle corral. Unfortunately, the lower corral could not be located during

the July, 1982 (10 month post-spill) sampling effort, mak~ng further sampling

of this site impossible. Presumably, it was lost to storm activity.

Figure 6-84 shows the upper intertidal corral 17 months after the .

initiation of the experiment. This photograph was taken during March 1983

and, as such, the Spartina within the corral and surrounding area was still

dead from winter kill (Figure 6-85). hlost of the Spartina in the area had

just been washed onto the site and was not firmly rooted. Removal of the

upper layer of Spartina and depth profile sampling then yielded the hydrocar-

bon data presented in Table 6-21. The various ratios displayed in the table

were selected as indicators of the extent of oil alteration or weathering.

Figures 6-86 and 6-87 show chromatograms from the aliphatic and aromatic frac-

tions, respectively, at depths of 1 to 2 inches, 6 to 8 inches, and 10 to 12

inches. Qualitatively, the chromatograms from the aliphatic fractions are

similar in appearance to the chromatogram  from the upper corral In Figure

6-838 after 10 months of weathering. The sediment at 6 to 8 inches had an

approximately 4-fold greater hydrocarbon concentration than the other depths

sampled, indicating a concentrated band of oil in the sediment. Also, the

ratios which were selected as indicators of oil alteration indicated thdt the

oil at this depth hadn’t been degraded as extensively as other depths. This

result was possibly due to the toxic effect oil hds on mlcrorganlsms  when it

is at higher concentrations.

The similarities in the samples from 6-12’ depth suggested that the

same degradative processes which occurred at the sediment surface were also

occurring to depths of at least 12 inches (although possibly at slightly

slower rates). For most marine subtidal  sediments hydrocarbon biodegradation

is restricted to the upper 5 cm. (Bertha and Atlas, 1983). The thickness of

this oxygenated layer is dependent On  the organic content and the degree of
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Figure 6-84. Site KB-4 (Seldovia Salt Marsh) Appearance of tne upper corral
after 17 months of weathering.

Figure 6-85. Interior of the upper corral at site KB-4 prior to sampllng
after 17 months of exposure.
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TABLE 6-21. K8--4 SEL130WA SALT MARSH

Depth Profile of Hydrocarbon Concentrations and Weathering Ratios
in the Ug&er Intertidal. Cbrral at 17 Months IWt-Spill

,

sample Total Total nC-17i nC-18/ Total Resolved/
depth Resolved Unresolved pristane phytane Total Unresolved
(inches) Ckxxxmtration Concentration

I

1 to 2“ 28 ug/g 336 ug/g 0.4 0.5 0.09

2 to 4“ 32 ug/g 259 ug/g 0.4 0.6 0.12

6 to 8“ 135 Ug/g 368 ug/g 0.9 1.0 0.37

10 to 12” 30 w/9 270 ug/g O*4 0.5 0.11

Referencea —- 1.8 2.1 0.35

a- ‘Ihe Reference values were calculated by multiple FID-GC analyses of “fresh” unaltered
Prudhoe Bay crude oil.
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Figure 6~86. FID-GC chrotnatografns of sediment extracts from Seldovia Bay
(site KB-4) 17 ninths after a spill of 1 liter of Prudhoe Bay
crude oil. Aliphatic fraction from the Upper corral site at:
(A) 1-2” depth, (B) 6-8” depth, and (C) 10-12’’depth.
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Figure 6-87. FHI-GC chramatograms  OF sedfment extracts from Sel dovi a Bay
{site KE-4] 17 months after a spill of 1 1 iter of Prudhoe  Bay
crude oi 1. Arcmtic fraction from the upper corral site at:
(A) l-2’4depth, (B) 6-8” depth, and 10-1211 depth.



physical or biol~gical disturbances in the sediment. Apparently, th~

increased energy and oxygen

extends this layer down to at

Interestingly, the

availability in the Seldovia intertidal systeff

least one foot.

chromatograms show that many lower moleculdr

weight compounds down to nC-11 still exist in the oil-laden sediments from ~be

upper corral after 17 months of weathering. Wave tank experiments run for a

similar period of t~me showed almost a complete loss of resolved compounds up

to nC-15 in the oil. This suggests that

limited in sediment-bound oil.

Table 6-22 presents the absolute

the sediment, while Figures 6-88 and 6-89

evaporative processes are somewhdt

concentrations of oil remaining in

show the abundance of resolved and

unresolved compounds relative to the Day O reference value. When more than

one depth sample was analyzed these concentrations represent an average value.

A qualitative examination of the two figures shows that, as expected, the rela-

tlve concentration of hydrocarbons in the sediment dropped as a function of

time in both the upper and middle corrals. A certain amount of variability In

these values was expected, because in an effort to reproduce a “real” spill

situation the oil was simply poured onto the sediment with no efforts at homog-

enization throughout the

of oil within the corral

out the conduct of the

interesting differences

corrals.

corral and/or at depth. As such, concentrated bands

would be expected and were, in fact, observed through-

field study portion of this project. However, some

do exist between the upper and middle intertidal

Given that the sediment types in these two zones are similar, i.e., a

coarse, rocky sand; the main difference between these two sites appears to be

the extent and frequency of floading. The middle corral Is flooded twice

dally, while the upper corral only gets submerged a few days each month. As

seen by the chromatograms in Figure 6-83, the additional tidal coverage causes

oil at the middle corral to degrade at a faster rate than at the upper

The ratio of resolved/unresolved tends to drop more quickly at the

corral also, lending quantitative evidence to the differences noted

the two chromatograms.

corral .

middle

between
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FIGURE 6-88. Relative Abundance
of Resolved  Comoounds Remainln9  In the

Sediment at Various Times Post-Spill.
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FIGURE 6-89. Relative Abundance of Unresolved Compounds Remaining in the
Sediment at Various Times Post-Spill.

a\A indicates sample not analyzed or not available.



TABLE 6-22. KB-4 SELDOVIA SALT MARSH

a-

b-

Concentration of Total Resolved and Unresolved Ccmpunds
in the Intertidal Sediments at Various Times Post-Spill

(all concentrations in ug/g) a

Day o Day 3 1 Month 12 Months 17 Months

UPPER Total resolved (u#g) 440 750 ISA 67 56
aRRAL Total unresolved (ug,/g) 2,374 3,875 NA 663 308

MI12DLE Total resolved (ug/g) 585 39 13 23 Mb

mRRAL Total unresolved (ug/g) 3,064 2,192 247 906 NA

mm Total resolved (ug/g) m 30 17 NA m
mRRAL Total unresolved (ug/g) NA 450 377 m m

When more than one sample was analyzed for a specific time point these nunbers
represent average values.

MA indicates sample not analyzed or not available.



Bio-toxicity  observations of the corrals over the same .17 month sam-

pling period also gave some interesting results. !Ahile collecting the 10

month samples in July, 1982, it was noted that the middle corral had exper-

ienced a summary regrowth of vegetation (Figure 6-90), although it was reduced

compared to the growth of adjacent areas. However, the upper corral had not

experienced regrowth to the same extent, indicating that levels of oil toxic

to Spartina may still have existed in the surface sediments.

6.4.2.4 KB-5 Jakulof Bay

Like KB-4 (Seldovia Salt Marsh) , Jakolof Bay is an estuarine area
receiving freshwater from the Jakdof Creek. Unlike Seldovia Salt Marsh,

however, Jakolof Bay does not have extensive Spartina growth, and it is charac-

terized by a broad gently sloping well-drained area (Figure 6-91) and a grassy

headland area at the end of the bay (Figure 6-92). Figures 6-91 and 6-92 were

taken from approximately the same location, however, Figure 6-92 shows the

location of the uppermost intertidal corral relative to the well-drained flats

and mussel beds. There are numerous ponds of brackish water behind the grassy

headland area (Figure 6-93), and the middled intertidal corral was located

adjacent to one of these drainage ponds in an area that would be flooded on

medium tides. The upper intertidal corral site (Figure 6-94) was on a grassy

plain which was only covered by extreme high tides (approximately tnree or

four days in a row per month). The two-dimensional Jakalof Bay intertidal

profile is shown in Figure 6-95.

The soil at this site was well oxidized and contained a high percent-

age of organic material. The upper intertidal surface material was spongy and

highly organic, like a peat. The middle corral was located on the backside of

a gravel berm and was somewhat protected from the tidal currents. The mid-
tide corral can be seen in the background of Figure 6-94, adjacent to the

backwater pond and drainage channel. The sediment at this corral was charac-

terized by a fine clay interspersed with gravel. There wasn’t much organic

growth at the middle intertidal site and the surface of the sediment was
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Figure 6-90. Interior of the mjddle corral at site K13-4 (Seldovla Salt Marsh)
prior to sampling after 10 months of exposure.
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Figure 6-91. Overview of s
placement.

te KB-5 (Jakalof  Bay) prior to intertidal corral

Figure 6-92. Pos~tion  of the up~er corral at site ku-5 (Jakattif Bay).
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6-93. Installation of the middle corral at site KB-5 (Jakalof Bay).

R~laTive positions of the upper and middle corrals of site KB-5Figure 6-$4. .
(Jakalof Bay).
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coated with a thin layer of fine filamentous  silt. The low-tide corral wa

located in the middle of the smooth drainage flat shown in Figure 6-91. Th

sediment was well-oxidized and no hydrogen sulfide was detected during corra

placement. The sediment consisted of a clay-gravel conglomerate which wa

fairly well compacted. Background samples from the middle and upper inter

tidal corrals were collected and analyzed by FID-GC for hydrocarbon content

The chrornatograms  from these sites are presented in Figure 6-96. As the fig

ure shows, this was a relatively pristine environment with no evidence c

petrog[

intert”

marine

molecu’

nic hydrocarbons. “Some resolved components are seen in the middl

dal sediment, but these peaks are believed to be biogenic and primaril

in origin. Extremely low (<1 rig/g dry weight) levels of several fiighe

ar we~ght alkanes were present in the upper intertidal sediments (Fig

ure 6-96B), and these presumably reflect terrestrial impact from decayin

greens covering the area.

Oi? was spilled on September 2, 1981, during a receding 19.6 foc

tide. At the low corral the oil did not penetrate the sediment to a signifi

cant extent. Thirty minutes after addition, there were sti?l 1 to 2 cm dee

pools of oil on the intertidal sediment surface and visible oil sheen on th

standing water. Even though the lower corral was well exposed at this tide

it was poorly drained and there were still numerous pools of standing water i

and around the corral. At the middle corral the oil penetration rate was als

slower than at most other sites. It was postulated that the fine filamentou

silt layer which covered the sediment posed a barrier to sinking. At tn

upper corral, however, the oil sank into the sediment/soil readily. Figur

6-97 shows a closeup of the grassy upper-intertidal corral immediately afte

application of 1 liter of fresh Prudhoe Bay crude oil. The oil was observe

to percolate rapidly { w i t h i n  t w o  m i n u t e s )  i n t o  t h e  s o i l  ,  a l t h o u g h  t h e  g r a s

with in  the corral  retained oil film for up to two weeks after oil additic

(i.e. until the area was inundated by extreme high tides).

Further observations of the intertidal corrals at Jakolof Bay thre

days later showed that the lower corral still had oil sheen on its standin
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Figure 6-96. FID-GC chromatograms of background sediment extracts
from Jiki~tif Bay (site KB-5). (A) Middle, and (B)
Upper Intertidal corral sites.
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Figure 6-97. lnterlor of the upper corral at site KB-5 (Jaka]ot  Bay)
inrnediately  following application of 1 Ilter of crude o~l.
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Maters. T h e  c o r r a l  s i d e s  w e r e  o i l - s t a i n e d ,  s u g g e s t i n g  t h a t  l~ftlng  o f  t h e  oil

h a d  o c c u r r e d . The sides of the middle corral were also stained with 011, and

there was no visible evidence of oil anywhere else within the corral. After

three days, the upper corral site still hadn’t been flooded, and oil was

observed in abundance on the surfacial  grass and peat-like material which

covered the soil. Sometime between the three-day and 10-day site visits the

low tide corral washed away, and no further efforts at making observations or

collecting samples at that tide height were undertaken.

Figures 6-98 and 6-99 show the upper intertidal corral in July 1982,

approximately 10 months after initiation of the spill. At that time there was

considerable grass growth in the upper intertidal region, and the area had

been used for limited cattle grazing. Figure 6-99 presents a closeup of the

interior of the corral, and shows that there was considerably less regrowth

within the corral compared to the surrounding area. Figure 6-1OCI shows the

mid-tide corral approximately 10 months after initiation of the spill. Figure

6-100 is an overview of the area showing the position of the corral next to

the backwater pond; Jakolof Creek can be observed in the background of the

figure. Figure 6-101 presents a closeup of the mid-tide corral, and from this

figure the sediment appears to be very similar in the interior of the corral

to the surrounding area.

Additional samples and observations were taken 12 months after the

initial spill. At the middle corral, oil wasn’t apparent until a depth of

approximately 4 to 8 inches; at this depth the sediment exhibited a slight oil

odor. At the upper intertidal site, there was no evidence of oil on the

attached plant growth or surface sediments. The grass within the corral had

been cropped and there was evidence of cattle grazing. A dark band of sedi-

ment, presumably oil-laden, was encountered at a depth of 4 to 7 inches.

Several depth samples were collected from each corral and analyzed at that

time. The concentrations of total resolved and

selected weathering ratios for these samples are

Chromotograms  of the alphatic and aromatic fractions

unresolved compounds and

displayed in Table 6-23.

from the upper intertidal
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Figure 6-98. Appearance of the upper corral at site KB-5 {Jakalof  Bay] after
10 months of weathefinq.

Figure !5-99. Interior of the upper corral at site KB-5 (Jakalof Bay) prior to
sampling after 10 months of weathering.
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Figure 6-100. Appearance of the mid-t?de
montns after initiation of the experiment.

7-->-$  A“*..,; .-
?%..- ‘A. .,, -- ..%
,-’#w..,  -*J=  ~, . 4.-,..+.. . . . . . . . . . .

corral at site KB-5 (Jakalof Bay) 10

Figure 6-101. Interior of the middle corral at site KB-5 {Jakalof  Bay) prior
to sampling after 10 months after initiation of the experiment.
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sample
depth

(inches)

1 to 2“
2 to 4“
4 to 8“

1 to 2“
2 to 4“
4 to 8“

Reference a

TABLE 6-23. KB-5 JAI(ALOF BAY

Depth Profile of Hydrocarbon Concentrations and weathering Ratios
in the Upper and Middle Intertidal Corral at 12 Months Fost-Spill

Total
Resolved

bncentration

695 uglg
,252 ug/g
299 ug/g

63 ug/g
2.1 Ug/g
7,2 ug/g

Total nC-17/
Unresolved pristane
~ncentration

11,373 ug/g 0.06
8,666 ug/g 0.14
2,144 ug/g 0.14

175 ug/g 0.39
129 ug/g 0.02
76 ug/g 0.10

I
1.8

nC-1 v
@ytane

0.4
0 .9
0 .9

2.6

I

TOM. Resolved/
Total Unresolved

0 . 5
1 . 2
1 . 0

O*5

2.1
I

0.35

a - The ~ferencx? values were calculated by multiple FID-GC analyses of “freshn unaltered
Prudhoe Bay crude oil.
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area are presented” (for three depths) in Figures 6-102 and 6-103, respec-

tively. Chromatograms of the aliphatic and aromatic fractions from three

depths within the middle intertidal corral are presented In Figure 6-104.

As expected, after 12 months of weathering the upper corral was much

more heavily contaminated with oil than the middle corral. The oil was most

concentrated in the 2 to 4 inch sediment sample, and least concentrated in the

4 to 12 inch sample. The surface sediment sample at 1 to 2 inches was similar

in concentration to the 2 to 4 inch segment, however, the oil was altered more

extensively. Ratios of nC17/pristane  and nC-18/phytane for the 1 to 2 inch

sample are half again as low as the other two depths. In addition, the ratio

of resolved/unresolved compounds is less for the 1 to 2 inch sample than the

others. Compared to the other depth samples, the 1 to 2 inch sample has also

experienced a greater loss of the more volatile low-end components. These

data illustrate that the evaporative and biodegradative  processes which

influence the rate of oil weathering become less active at depth for this

intertidal environment. All three depth samples show an odd-carbon predomi-

nance starting at around nC-25 (see Figure 6-104A). This is evidence that

‘ biogenic hydrocarbon input was occurring at each

fractions in Figures 6-104C and D for the 1 to 2

were quite similar, although the 1 to 2 inch

enhanced UCM, indicating enhanced oil alteration.

depth tested. The aromatic

inch and 4 to 8 inch samples

sample exhibited a slightly

Oil alteration and removal after 12 months was far more extensive at

the middle corral. Although the results in Table 6-22 show the top 1 to 2

inch segment had the highest concentration of resolved compounds, examination

of the chromatograms in Figure 6-104 shows that these peaks were not charac-

teristic of petrogenic input. In fact, many of these same peaks were seen in

a background sediment extract from the middle corral (see Figure 6-96A).
These peaks were not present in the two deeper samples, however, indicating

that the source of their input was only present at (or near) the sediment

surface. The unfractionated  extracts of sediments at 2 to 4 inches and 4 to 8

inches were quite similar; both exhibited an almost complete loss of any
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Figure b~f)z. FID-GC chromatogram  of sediment extracts frm Jaka_lof Bay (site K&
12 months after a spill of 1 liter of Prudhoe Bay crude 011 $ the
Upper corral site. (A) Aliphatic  fraction at a depth of 1-2 , (B)
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B

gllre 6-103. FIII-GC chromatogmns  of sediment extracts from Jakalof Bay
(site KB-5} 12 months after a sPil ~ of 1 ~~ga:j ~’~~~on at
Bay crude oil at the Upper corral site. .

●

(A) 1-2’1 depth, and (5) 4-8” depth.
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Figure 6-104. FID-GC chrofnatograms of sediment extracts from Jakalof Bay (site KBT5
12 months after a spill of 1 liter ~f Prudhoe.Bay  crude 011 at the M~dt
c o r r a l  s i t e . (A) Aliphatic  fraction at a depth of 1-2”, (B) Aromatic
fraction at a depth of 1-2”, (C) whole extract at a depth of 2-4”,
and (D) whole extract at a depth of 4-8”.
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resolved compounds before Kovat 2500, and an enhanced UCM at the latter Dart

of the chromatogram. The 4 to PI lrlch sample had more resolved peaks thdn tne

2 to 4 inch sample, however, and tnis Implies that comparatively less wedther-

lrrg occurred at the 4 to 8 inch depth.

The corrdls were revisited in f’4drch 1!)83 (17 months pclst-spll 1).

Aqain, numerous cattle tracks were present  in and around the upper corrdl .

Figure 6-105 shows the status Of the upper intertid~l  corral after 1“/ months.

All of the grass In the surrounding area of the upper corrdl had been klll(:d

by the winter temperatures, and extensive snow and ice cover, and there Wds

only very limited regrowth during this

tlons showed no differences between the

areas. Figure 6-lu6 1s p closeup of

initiation of the spill, showing that

within the corral. Soil was excavated

e~rly sprlnq period. Vlsudl observd-

upper Intertidal  quadrant ar~d ~djficerlt

the corral lnterlor 17 montrls  dfter

there was no evidence ot Surfdce (Jll

(IOWI to d depth of ](J lrrCneS, dnd d

cross-sectional view of the hole showed that a dlstlnct darker band of sedi-

ment extended between the 3 and 6 inch depths. This band of sediment had the

characteristic Prudhoe Bay crude 011 smell. Above and below this bdnd the

sediment returned to its original liqht brown color.

The middle Corral was also similar in ~ppearance to Its ad,j?cent

intertidal area. There was very little plant qrowth dt this Sltt’. Flqures

“5-107 and 6-108 show the Stdtus of’ the Corral in March Igt{s (17 months pOS~-

Spill). Figure 27B is a closeup of the corral showing that lt served to Lrar.J

slightly hlqher levels of clay and silt-slz~d partlcuidce  material c(~mpdrk’ci  [O

the adjacent sediment. This llght brown silty clay extended down to d ~l~pth

of abuut 0.5 cm. Below this depth, tne substrate consisted of d tidy-qrdvel

conglomerate identical to that In the surrounding regions. At three inches d

darkened sediment layer with a fajnt crude 011 odor was encountered. No ocher

oil was observed until 10 Inches depth. From 10 to 14 inches the sediment W6S

heavily contaminated with oil. The matjor~ty of the 011 seemed to be ~ssocl-

ated with the fine sedimentary rnaterlal interspersed between tne (lrdVE?].

However, some discrete 011 droplets (l-3 mm In diameter) were encountere~l ~~n
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Figure 6-105. Appearance of the upper corral at site KS-5 (Jakalof Bay) after
17 months of exposure.
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Figure 6-1o6. interior of the upper corral at site KB-5 (Jakalof Bay) prior
to sampling after 17 months of weathering.
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Fjgure  6-107. I n t e r i o r  o f  t h e  m i d - t i d e  c o r r a l  a t  s i t e  KB-$ (~akalot B a y )
prior to sampllng after 17 months of weathering.

Figure 6-108. Appearance of
after 17 months of exposure.

the middle corral at site KB-5 (Jakolof Bay)
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ravel surface. At 18 inches depth the” “

e hole and some oil sheen was observed

depth the hole tended to cave in so no

attempted.

-. ... -:

nterstitial w a t e r s  b e g a n  t o  fill
. .

.,

in the standing waters. Be 1 ow

observations of deep

A summary of resolved and unresolved compound .concentrat’

iments which were analyzed at Jako?of Bay Is presented in

,.
ons for the .,,
Table 6-24.

len more than one depth ‘sample was analyzed for a particular sampling time

ese values represent average concentrations.) Bar graph illustrations were.
R included for this site since Day O data was inadequate. Except for the

alues at 12 months, the upper corral showed the general trend of decreasing

)ith time. The middle corral also exhibits this trend, although the one month

sample had a somewhat higher oil concentration than the 10 day sample.

13io-toxicity observations of the middle corral were dlfflcult  because

of the sparse biologica? presence at this site. However, the upper corral

didn’t seem to be affected adversely even though a fairly high concentration

of oil was present. The grass within the corral grew to a similar length as

that at adjacent areas, and the cattle didn’t seem to show any preference in

grazing.



.—. —-. .

UPPER
CORRAL

MIDDLE
cORRAL

TABLE 6-24. KB-5 Jakolof Bay

Concentration of Total Resolved and Unresolved Ckxqywnds
in the Intertidal Sediments at Various Ti.&?s Ebst-Spill

(all concentrations in ug/g) a

Total resolved (ug/g)
Total unresolved (ug/g)

—- --——

Total resolved (ug/cj)
Total unresolved (ug/g)
——..———. —— -

Day 2
— . —  -

965
3,968

—

NA
m

—.—-

Day 10 5 MonthS

3

————. .—-—

Mb 182
14A 766

— -—.—

46.9 39.4
600 327
-— --

12 Months 17 Months

749 1 9 . 6
7,394 “ 12.2

.

24.1 12.2
127 41.2

—— .—— .—.-—

a- Nhen more than one sample was analyzed for a specific time point these numbers
represent average values.

b - ~ indicates sample not analyzed or not available.

,,

I



7.0 MICROBIAL DEGRADATION STUDIES

7.1 INTRODUCTION

The major themes of microbial degradation studies completed in this

program were to: 1) examine the degradation of petroleum components in terms

of specific compound susceptibility and microbial population dynamics, 2)

isolate and characterize the stable oxidized products of catabolic processes,

and 3) quantify the

the air (C02), oil,

interface.

degree and rates of partitioning of these products into

and seawater phases (i.e., away from the slick-seawater

Microbial degradation studies were performed in conjunction with Drs.

Helm-Hansen and Azam at Scripps Institution of Oceanography (S10) in La Jolla,

while field studies were executed at NOAA’s Sub-Arctic Research Station in

Kasitsna Bay, Alaska. Continuous-flow experimental seawater aquarium systems

were designed and fabricated at both locations (S10 and Kasitsna Bay) to facil-

itate comparisons of microbial interactions with Prudhoe Bay crude petroleum

between

tent of

a temperate and a sub-arctic marine environment.

The continuous-flow experimental approach was utilized with the in-

providing a dynamic characterization of marine microbial populations

and their inherent metabolic capacity for degrading petroleum compoflents  as a

function of the time of interaction with petroleum. This time-dependent re-

sponse within the indigenous heterotrophic population, towards a greater rela-

tive abundance of hydrocarbonocl astic (hydrocarbon-degrading) microbes, is

indicated by a concomitant increase in degradation potential of the system,
14which can be measured by increased C-1abeled com~ound degradation. This has

been empirically demonstrated by increases in the rates of mineralization of

selected 14C-labeled hydrocarbons to 14C02 as a function of continued exposure

to crude oil within the experimental aquariums. Additional components of the

“response time” include: determinations of heterotrophic  bacterioplankton

growth rates both from incorporation of tritium-labeled  thymldine into
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deoxyribonucleic acid (DNA) and from enumeration of-bacterial cells by epi

fluorescence microscopy;

uptake of tritium-labeled

It was also of

and determinations of overall metabolic activity b

Ieuclne and glucose.

Interest to examine the lnf?uence of concentratla

levels of available dissolved inorganic -3nutrients (P04 , N02-, N03-)’ an

dissolved oxygen upon microbial metabolic activities. Phosphorous require

ments of bacterial cells are generally supplied by assimflatiofi  of inorgani

phosphate for incorporation into organic phosphorous containing components

such as nucleic acids, ATP, and membrane phospholipids. Nitrate and nitrit

ions can be assimilated into amino acids by assimilatory nitrate enzymes, an

molecular oxygen incorporation is required for the metabolism of various hydro

carbons (Atlas and” Bartha, 1981). To facilitate the comparison, a nutrien

solution was introduced (via a peristaltic pump system) into one of the tw

experimental aquariums to maintain elevated levels (with respect to incomin

seawater) and aeration of the seawater supplying this tank was also provided.

The continuous-flow experimental aquarium systems at Scripps Institu

tion of Oceanography and NOAA’S Kasitsna Bay, Alaska facility were set u

(Sutnner 1981) and run for at least one week prior to initiation of each experi

ment to allow sufficient time for bacterial fouling, population buildup an

stabilization of the microbial community within the aquariums.

The experimental aquaria and the incoming seawater were sampled fo

the radiolabeled substrate assays ( 14C-hexadecane, 14C-methylnaphthalene
14 3 3 3C-naphthalene; H-glucose, H-?eucine,  H-thymidine) on Days 0, 1, 2, 4, 5

6, 7, 9, 12, 14, 16, 19, 21, 23, 26, 28, 30, 35, 42, 49, and 56 at S10 and o

the same schedule up to Day 30 at Kasitsna Bay. Samples for nutrients, an

eplfluorescence  assays were taken on Days O, 1, 2, 4, 7, 14,, 21, and 28 fo

both experiments. $eawater samples (20 to 30 liters) for petroleum hydrocar

bon and metabolic product analyses were taken on Ilays 1, 2, 5, 9, 16, 23, 30

43 and 58 at S10, and up to Day 30 at Kasitsna Bay. To initiate each experi

ment , approximately 200 ml of Prudhoe Bay crude oil was added to eac
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experimental aquarium shortly after sampling for the Day O assays 1 i steal

above. Flow rates through the tanks were maintained by peristaltic pumps

(P!asterflexj Cole-Palmer Corp.) to provide a seawater throughput of about one

tank volume (= 20 liters) per day. A schematic representation of the aquarium

system is depicted in Figure 7-1. Although not shown in the figure, both the

master reservoirs and the experimental tanks were situated in continuous flow

seawater baths to maintain ambient temperatures.

7.1.1 14C-Hydrocarbon Degradation

One of the important “components” of the overall microbial response

to input of crude oil into the marine environment relates to the ability of

the naturally occurring heterotrophic microbes to utilize the petroleum as a

food (organic carbon) source. This capacity is referred to as “degradation

potential”, and can be inferred from the relative degree of mineralization

(metabolism to COz) of representative petroleum hydrocarbons. Should sel ec -

tion within the heterotrophic fraction of the indigenous population favor an

increase jn relative abundance of hydrocarbonocl  astic bacteria, this should be

reflected by a concomitant increase in degradation potential. One approach to

empirically define this potential, that is sensitive and reproducible, in-
14volves exposing the microbes to a C-labeled petroleum hydrocarbon substrate,

allowing sufficient time for degradation to occur, with subsequent trapping of

evolved 14C02 and quantification by liquid scintillation spectrometry. This

approach has been taken in various forms in past studies (Harrison et al.

(1971) ; Caparello and La Rock (1975); Walker and Colwell (1976); Iiodson et al.

(1977)), however experimental conditions in most cases have made it difficult
or totally infeasible to extrapolate results to a real spill situation. we

have attempted to utilize the degradation potential approach, with the continu-

ously flowing seawater aquaria systems at S10 and Kasitsna Bay, with the inten-

tion of providing empirical information which would be useful in characteriz-

ing the impact of microbial degradation upon spilled petroleum. Although

caution must be taken in extrapolating results from a study utilizing such

“controlled ecosystems” to open ocean spills, it is believed that th?s
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approach optimizes the ability to empirically describe the impact of oil upon

various microbiological metabolic processes, and conversely, the ~mpact of

microbial degradation upon the disposition of the oil itself.

The degradation potential assay involves addition of a 14C-labeled

hydrocarbon substrate to seawater samples from the experimental aquaria and

incoming seawater, incubation in stoppered vials for 24 hrs. at in situ tem-.—
peratures, trapping of 14C02, and quantification by liquid scintillation spec-

trometry (details presented in Materials and Methods). The labeled substrates

selected were 14C-hexadecane, 14C-methyl naphthalene, and 14C-naphthalene. The

selection was based upon both availability and representation within the com-

pounds and class types found in Prudhoe Bay crud”e, as well as other crude

petroleums.

7.1.2 3 H-Labeled Substrate Uptake/Incorporation .

To further assess the impact of spilled petroleum on microbial hetero-

trophic activity, it is necessary to determine influences on heterotrophic

production (growth rates), microbial biomass, and general metabolic activity.

The utilization of radiolabeled organic substrates at near ambient concentra-

tions, for determining rates of uptake and/or incorporation into cell biomass,

is a viable and sensitive empirical approach and has been pursued in past

studies (Azam and Helm-Hansen, 1973; Hodson et al., 1977; Fuhrman et al.,

1980; Fuhrman and Azam, 1980; Griffiths and Morita, 1981), The use of tritium-

labeled organic compounds (sugars, amino ac{ds, etc.) of high specific activi-

ties allows for direct measurement of uptake at near ambient concentrations

( 10-8
to 1 0 -9

M) and precludes extrapolation using the Michaelis-Menten equa-

tion (as is needed when substrate concentrations are greater than those nor-

mally found In the marine environment).

The incorporation of 3H-thymidine  into bacterial DNA serves as a

reasonable measure of DNA synthesis and cell production, although several

assumptions and measurements are required for conversion of tt’tymidine
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inco~poration data into production estimates (Fuhrrnan and Azarrt, 1980). Th{

level or rate of uptake (nmoles/liter-day) is converted to bacterial .cel

production rates. (cells/liter-day) with an estimation of the DNA content o

natural marine bacteria. This conversion has been recently refined by Fuhrma[

and Azam (1981) into separate coefficients for the nearshore and offshore (

10 km) waters studied (Southern California Bight). Estimations of averag

cell biomass by epifluorescence  photomicroscopy allow for further data conver

sion from production rates (cells/?it,e’r-day)  to organic carbon productio

(qC/liter-day).

tributions and by

conversion. factor

General

This is accomplished by determin~ng cell size (volume) dis

correlating the data to the amount of c~arbon per cell with

developed by Watson et al. ( 1977).

metabolic activities have been determined by uptake o

‘H-glucose and ‘H-leucine. The specific techniques utilized do not differen

tiate between substrate respired from that incorporated (ass~milated)  Int

cell biomass, and therefore, the overall uptake cannot be used to estlmat

cellular production. However, Fuhrman et al. (1980) found significant ran

correlations between thymidine incorporation (mol/liter-day), thymidine turn

over rates (%/hr), bacterial abundance or biomass (from epifluorescence micro

scopy), and glucose turnover rates (%/hr) in the euphotic zone of the Souther

California Bight. Their results suggest that these methods may be comparabl

for assaying relative total bacterial activity between water samples.

7.2 MATERIALS AND METHODS

14C-Hydrocarbon Mineralization Assay

The 14C-hydrocarbon mineralization assay utilized in tnis study wa

based upon previous work by Watson et al. (1971), Capare~lo and La Roc

(1975), Walker and Colwell (1976) and Hodson et al. (1977).

Three 14C-labeled hydrocarbon substrates were utilized for the deter

mination of hydrocarbon degradation potential, defined here as the perter
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m. neralization to 14C00 : n(l- 14C) hexadecane  (53.6 mCi/mmol,  Amersham),

(1(4,5,8 )- 14C) naphthale~e  (5 mCi/mmol , Amersham),  and (1(4,5,8 )-14C) methyl-

naphthalene (5 mCi/mmol,  Bionuclear). Working solutions were prepared with

hexane or benzene as solvents to give O.luCi/ul activities, stored at 4°C, and

assayed weekly for radioactivity to insure consistency in the concentrations

of substrates. Seawater aliquots (50 ml) from each of the experimental tanks

and the incoming seawater were transferred to 100 ml sterile serum bottles and

spiked with 0.5uCi of the 14C-labeled  hydrocarbons, one compound per sample

with each sample prepared

prior to spiking with the

The spiked seawa

in duplicate. Controls were killed with 1PM HgC12

abeled compound.

er samples were capped with sleeve stoppers and

incubated in the dark for 24 hours at in situ temperatures in a water bath..—
After the incubation period the stoppers were replaced with identical stoppers

fitted with a polypropylene “center WE!ll”, containing a 25-mm by 30-mm rectan-

gle of Whatman No. 1 “filter paper folded into an accordlan-pleated array and

wetted with 0.2 ml of lN NaOH. The samples were then acidified to pti 1.0-2.0

by injection of 0.5ml of lN H2S04 (through the sleeve stopper) with a hypoder-

mic syringe. After 2 hours the filter paper

ml serum bottle containing 1 ml of lN H2S04,

sleeve stopper fitted with a center well (as

wetted with 0.2ml of phenethylamine.

was transferred to a second 100

which was quickly capped with a

before) and a wick that had been

After 12-14 hours the phenethylamine-saturated wicks were transferred

to a scintillation vial containing 10 ml of Beta-Phase cocktail (West Chem

Products) and assayed for radioactiv~ty on a Beckman LS1OOC scintillation

counter. The resulting counts for duplicates were averaged and corrected for

the control counts prior to further data treatment. The data (in counts per

minute) were converted to ug/liter day by the following equation.
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‘where a counting efficiency of 9N was utilized, S.A. is the specific actlvlt

“In ~Ci/u mole, and M.M. is the molecular weight of the particular labeled sub
strate,

3H-Thymidine  Incorporation

The 3H-thymidine incorporation assay utilized in this study was base

upon. prevfous work by Fuhrman and Azam (1980), Fuhrman et al. (l$lBO) an

Fuhrman and Azam (1981).
R

Thymidine (methyl - 3H) s~utions were stored as supplied (20 C1/wsnol

New England Nuclear) in 70% aqueous ethanol for maximum stability. Workin

solutions were prepared by evaporating to dryness .the appropriate volume undel

a stream of dry, filtered air and reconstituting with distilled water. Thes[

solutions were stored at 4*C and checked weekly for radioactivity.

Duplicate seawater aliquots (10 ml) from each experimental aquariun

and the incoming seawater were spiked with 5nM of labeled thymidine and incu-

bated in the dark at in situ temperatures for 1 hour. Incubation uptake wa:——
terminated by filtration through a 25-mm dia. type HA membrane (0.45pm nominal

pore size, Millipore Corp.). After filtration, the vacuum was stopped and 1(

ml of ice-cold (< 5*C) fi”ltered (sterile) seawater was added to cool thE

filter. This was filtered through, and the vacuum was stopped prior to add~-

tlon of 15 ml ice-cold (< 5*C) 5% trichloroacetic  acid (TCA) to extract the

soluble thymidine pools from the cells. Temperature control is cr~tical dur-

ing the extraction as a temperatur~ rise above’ lO°C for TCA will hydrolyse  DNA

and allow incorporated label to solubilize and pass through the filter. After

3 min. the vacuum was applied and the filter was rinsed twice with 5 ml ice-

cold 5% TCA and then placed in a scintillation vial. Ethyl acetate (1 ml) was

added, to dissolve the filter, followed by addition of 10 ml of Beta-Phase

cocktail prior to radioactivity assay by liquid scintillation spectrometry.
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The resulting counts

poisoned controls ( lPM HgCl ~)

converted to nmoles/liter day

for duplicates were averaged and corrected for

and a counting efficiency of 35%. The data were

of incorporation by the formula:

( I dn molesll.day  = (CPM)
0.35 Cplllm ‘~)(w)(*) f&)(*)(fi))(2.22 X 1012 dpm

3H-Leucine and 3H-Glucose Uptake

The 3 H-leucine  and 3H-glucose assays utilized in this study were

after Azam and Helm-Hansen (1973) and Fuhrman et al. (1980).

Working solutions of 3H-leucine  (60 Ci/mmol, New England Nuclear)

were prepared by diluting an aliquot of the stock solution into distilled

water. The 3H-glucose  solutions (30 Ci/mmol, New England Nuclear) were pre-

pared by evaporating an aliquot under a stream of dry, filtered air followed

by reconstitution in distilled water. All solutions were stored at 4°C and

assayed weekly to check for radioactivity stability.

Each experimental aquarium and the incoming seawater was sampled in

duplicate, and controls were killed with l~M HgC12 prior to addition of radio-

labeled substrate. 50PI. (1.5~Ci) of radiolabeled  compound was added to each

sample (10 ml for 3H-glucose; 15 ml for 3H-leucine), followed by incubation

for 2 hr. in the dark at in situ temperature..—

The incubation was terminated by sample filtration through a HA mem-

brane (0.45um nominal pore s~ze, Mil lipore Corp.), followed by several washes

with filter-sterilized seawater, to remove any nonincorporated label. After

filtration, each filter was placed in a scintillation vial , and 1 ml Ethyl

acetate added to dissolve the membrane. After approximately 10 min., 10 ml of

Beta-Phase cocktail was added and the sample assayed for radioactivity by
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liquid scintillation spectrometry. Duplicates were averaged and corrected” for

contro~” blanks, and the resulting counts were converted to uptake in
nmoles/liter day-with the formula:

(
ld

n moles/!.day  B (Cm)
0.35 cmm )(2J~)(,.A:l)(*)(&)(*)(*)  ‘.22 X 1012 d~

where a counting efficiency of 35% was utilized and S.A. is the specltlc activ-
/ ity (in Ci/mnol) for the labeled substrate.

Epifluorescence  Enu~ration

The epifluoriscence  assay utilized in this study was based upon the

methods of Hobbie et al. (1977) and Fuhrman and Azam (1980).

Seawater samples (10-15 ml) from each experimental aquarium and the

Incoming seawater were inrnediately preserved with 4% fitter-sterilized forma-

lln (buffered with Na2B407), and the cellular DNA was stained with Acridine

orange (0.01%, 2 min.) prior, to filtration. The Nucleopore polycarbonate

filters were stained prior to use with Irgalan black (to eliminate autofluores-

cence), and a type AA (0.8vm, Millipore) membrane was used as a back filter to

distribute the vacuum evenly. ” After

microscope slide, with a cover slip

prepared in a similar fashion except

0.’2~m, Millipoie Corp.) was preserved

The slides were examined by

filtration, the filter was mounted on a

affixed with paraffin oil. Blanks were

that filter-sterilized seawater (type GS,

and stained.

epifluorescence microscopy and counted in

a random fashion by grids. All counts for each grid were averaged (10 grids

per slide) for duplicate slides and the data converted to cells x 106/ml sea-

water. In addition to visual counts, each slide was photographed

HP5 35mm film for subsequent cell size distribution determinations.

graphs were enlarged and cell sizes were measured with a micrometer

7-1o

on Ilford

The photo-

magnifier.
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Cells were classified as rods or spheres and the volume distribution data were

analyzed with the aid of a computer program.

7.3 RESULTS

7.3.1 14C-Hydrocarbon Degradation

As indicated previously, the sampling points were concentrated at the

beginning of each experiment to best detect and describe any degradation poten-

tial increase following input of Prudhoe Bay crude into the two experimental

aquariums. The incoming seawater (from the master reservoirs) was also sam-

pled at each time point and assayed to

degradation potential.

The data for the 14C-hydrocarbon

verted to ug/liter-day and are presented

check for “background” hydrocarbon

degradation studies have been con-

graphically in Figure 7-2 for S10

results and Figure 7-3 for Kasitsna Bay, Alaska. The assumption made for data

conversion is that trapping and detection of the 14C carbon indicates a loss

of parent compound molecular structure even though total mineralization (to

C02) cannot be deduced. The results from the S10 experiment demonstrate a

dramatic increase in the amount of labeled substrate for all three hydrocar-

bons mineralized to 14C02 within 48 hrs after introduction of oil. At Day O,
hexadecane was slightly degraded, although no capacity was apparent for degrad-

ing the methylnaphthalene  and naphthalene substrates for any of the samples.

The incoming seawater did not demonstrate any degradation capacity for the

aromatic compounds until Day 56, although the hexadecane was degraded to some

extent with similar patterns (note Figure) between the two experimental sys-

tems. Both tanks demonstrated slightly greater utilization of hexadecane over

the course of the experiment, with a peak utilization for the nutrient supple-

mented system of approximately 5% of the added labeled substrate (again note

that percent degradation is based upon the label itself and not the entire com-

pound). All experimental systems followed similar trends (incoming seawater

included) with t~me with an overall degradation rate of roughly 1.5% of the

added substrate during any given 24 hr incubation period.
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In compar

carbon substrates,

parent molecule do

ng

it

?s

substrate which has been

.1

the relative rates of degradation for radiolabeled  hydro-

must be emphasized that the loss of label (14C) from the

not

bolic conversions of the

out loss of the label.

necessarily imply an “upper limit” on the amount of

oxidized by microbes. In other words, certain meta-

parent compound to other stable forms may occur with-

in this case, the degradation rate, as based upon

detection and quantification of the lost
14C label, would be an.underestima-

tion of the actual amount of the original
microbial enzymatic systems. As will be

suggest that the hexadecane  substrate was

parent substrate “attacked” by the

noted below, the degradation data

degraded at much lower rates than
for either of the aromatic compounds. tlowever, it is entirely possible that

the mode of metabolic conversion for the aliphatic substrate renders the par-

ent compound into stable forms (e.g., carboxylic acids, acetates), which may

or may not undergo further mineralization during the 24-hr period of incuba-

tion.

Both of the labeled aromatic hydrocarbon substrates were degraded at

substantially higher rates (based on 14C02 production) compared to hexadecane

for the S10 experiment. The experimental seawater aquaria exhibited quite

similar patterns for methylnaphthalene, with dramatic increases in the rate of

substrate mineralization within 48 to 72 hrs to approximately 11% (of the

amounts ddded for the 24 hour incubation), with an average rate of roughly 6%

per day over the 56 days of monitoring. Less consistency between experimental

systems is apparent for the naphthalene utilization data, although average
degradation rates are comparable to those for methyl naphthalene.

7-3)

cane

The 14C-hydrocarbon data for the Kasitsna  Bay experiment (Figure

demonstrated several similarities to the results from S10: (1) hexade-

was apparently utilized to a lesser extent than either methylnaphthalen~

or naphthalene; (2) the incoming seawater demonstrated very little capacit!

for degradtng  any of the substrates; and (3) some similarities exist betweel

experimental tanks for the two aromatic hydrocarbons, although to a lesse

extent than with the S10 systems. Only in the case of methylnaphthalene  was
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definite increase apparent in rate of mineralization’ for both t-anks after
introduction of Prudhoe Bay crude. Two additional trends which contrast the

results from the S10 experiment are: (1) greater methylnaphthalene  utiliza- .
tion for the inorganic nutrient supplemented tank where nutrient supplementa-
tion had no apparent effect in S10 mineralization rate data; and (2) rates of
substrate degradation were substantially lower in the Kasitsna Bay systems for

all three hydrocarbons relative to the S10 experiment. This could be attribut-

able to

as they

for the

7.3.2

generally lower metabolic activities due to colder water temperatures,

averaged 19 to 21*C during the course of the S10 study, and 9 to ll°C

Alaska study.

3 H-Labeled Substrate Uptake/Incorporation

The 3H-thymidine 3 3incorporation, H-leucine  uptake, and H-glucose

uptake data for the S10 and Kasitsna Bay experiments are presented graphically

in Figures 7-4 and 7-5, respectively. All data have been converted to uptake

rates in nmoles/liter-day and have been normalized to uptake on a per bacte-

rial cell basis for the S10 data, Day O to Day 7 (Table 7-l).

In the S10 thymidine incorporation experiments, all experimental

aquaria demonstrated similar patterns in terms of an initial increase in in-

corporation rates after introduction of oil, followed by a general decline and

periodic fluctuations during the 56 days of monitoring. The incoming seawater
remained relatively inactive during the course of the experiment, and this may
also be attributable to the relative abundance of bacteria (abundance data

will be discussed below).

The leucine uptake data from the S10 experiment are difficult to

interpret due to the large fluctuations with time

systems. After introduction of Prudhoe Bay crude,

sharp rise in uptake rates followed by declines.

among the systems is apparent after two weeks which,

trends of the incoming seawater.

and between experimental

both aquaria exhibited a

Some stability in trends

in some cases, paralleled

7-15
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The thymidine  incorporation data for the Kasitsna Bay experiment bear

resemblances to the S10 results In that a general increase in thymidine incor-

poration  is apparent after oil introduction with roughly the same period of

resp~nse. The S10 data have been converted to various forms Of growth and

production estimates for the first seven days following introduction of

Prudhoe Bay crude (discussion below).

The leuci,ne  uptake data ‘for Kasltsna Bay are difficult to interpret,

as were the corresponding S10 data~ due to variance between systems. The

tanks gxhibited  a drop in uptake after oil introduction, however this drop was

also apparent for the incoming seawater which supposedly had never been

exposed to spilled petroleum. “

from S10

followed

7.3.3

results

The glucose uptake data from Kasitsna Bay bear resemblance to those

in that. most systems demonstrated some decline in uptake and somewhat,.
trends of the incoming seawater.

Epifluorescence  Enumeration and Photomicroscopy - Applications to
Thymidine Uptake

!dith the aid of the epifluorescence enumeration and photomicroscopy

from the S10 study (Day O - Day 7), the thymidine uptake data have

been connected into estimates of bacterioplankton production and biomass. As

indicated in Table 7-1, both experimental tanks exhibited higher overall rates

of thymidine uptake (nmoles.liter
-1 day-l), incorporation into cellular DMA

(moles x 10-19 .cell-l.day-l), and cell production (cells x 109.1iter -1 day-l),

relative to the incoming seawater, with the nutrient supplemented tank having

higher overall rates than the non-supplemented (natural seawater) tank for the

first seven days. -1 -1Production estimates (uC.liter  day -1and fgC.cell .- .

day-l) followed the same trends, as would be expected, although biomass esti-

mates were similar between the incoming seawater and the non-supplemented tank

and higher for the nutrient supplemented system. The epifluorescence  m~cro-
scopy data, for the S10 study, is partially summarized in Table 7-2, and it is

evident that both experimental aquariums exhibited greater concentrations of
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TABLE 7-1. PROmCTIW  Hmt.ws  OfRIWO  FffM  fpl  FW31tUCHJCE  ufwizwfrm  A N O  wf410u+E  lttCORPORAIION  ffATE  MIA

——.. — ——. .
Et){ Ilunrc.,cmce ‘If - lhymldlne  Incorpora t ion Product I onc

llmtw+— y .  . -  ~ ~— .—  ..7 .
c e l l s  .  Iltw . rmles . l i t e r ” ’ .  d a y EiIIles  .  cell .  day-’ c e l l s  .  Ilter - ’ .  &Y-’

(.10’)
W7 c .  llter-’. day-’

(Xlo-  f”)
fg C . cell . day-’

(xto’)h rgc. cell-$
. . —  — .  .  .  .  .  .  _ _ _ _ _ _ _ _ _ _ _ _ — - .  —  .—___-.  —— —

Inccmlng

$eawa ter  - oay 0 1.05

Day 1 1.21

Oay 2 0.81

my  4 0. ?7

Ody 5 (0.82)’

Oay 6 (0.82)”

Oay 7 0.87

9!s0

ftutrlent  Supplenwted
Tank - Oay  O 1.!9

Oay I 1.32

Ody z 2.93

Oay 4 2.24

Oay  5 (1.93)~

Oay 6 (1.93)”

Oay 1 1.62

i+wl

w Swplemmted

Tank  - Oay  O

Day  1

Oay  2

Clay  4

Oay  5

Oay  6

Oay 7

i,sn

0.27

0.71

0.28

0.0+

0.17

0.02

0.09

0.23*0.24

0.42

0.35

4.14

I.ea

0.39

o.%

3.57

2.57

5.01

3.46

0.18

2.o7

0.24

1.03

2.29!1.93

\
3.53

2.6S

14.13

8.39

2.02

4.97

22.04

0.46

1.21

0.48

0.10

0.29

0.03

0.15

0.3930.40

0.71

0.60

7.04

3.20

0.66

1 . 6 3

6.0?

0.7

2.10

0.81

0.17

0.49

0.06

0.26

o.66to.6El

1.2

1.0

12.0

5.4

1.1

2.8

10.3

0.74 3. I

I.1

1.0 2.1
,

0.23

0 . 6

0.07

0.3 2.0

0.66!  0.56

1.0 2.3

0.8

4.1 4.7

2.4

0.6

1.4

6.4 8.4

!.67!1.  S9 8.25!  7.39 ?.84*2.71 4.8+4.6 z.4t2.2

1.62 0.34 2.10 0.58 0.98 0.6 2.2

1.64 0.11 0.67 0.19 n.32 0.2

1.83 1.45 1.92 2.47 4.19 2.3 3.2

2.34 0.68 2.91 1.16 1.97 0,8

(2.23)’ 0.01 3.63 1.30 2.34 1.1

(2.23)’ 0.60 2.69 1.02 1.73 0.8

2.17 0.33 1.56 0.56 4.51 2.1 1.6

0 .6? ,0 .44 3.07! 2.34 1.05 tt2.75 2.29! 1.56 I .1 +0.8

_.- ———.  _ –-— .-. ———.—. ——— —--———- .- . ..c-— -- .. —.. —_— .— -—_—

alnterpol  ated  between hay 4 and ?

‘Ca Icula ted  wf th conversion factor frm Fuhrman and Azam ( 19111 ) f“r average  ONA content for m=arshore  bacteria  ( j .7XI0’  ‘uOIFS

Thymldlne  Incorporated per  cell  produced).

‘ C a l c u l a t e d  frmn thym(dlne  lncor!xrat  ton data with above rent  Inned  ronverslon  factll,  and nne fr~  uatcon  ‘t al. [ 1917)  ‘o r  average

cellular carbon content (1.7x 10-” g C - :ell-’)

‘ C a l c u l a t e d  frc+n weighted average volumes of rods and spheres with convers  loo factor  frm Matson  et al.  ( 1977)  fO r cell  vO1~ ‘0

hlnmas (1.2!  X10-119  C - Ir e - ’ ) .

.



{

o 0.0214 0.0284 0.0258 1.05

Incoming 2 0.0168 0.0180 0.0173 0.81

Seawater 7 0.0239 0.0131 0.0165 0.87
’71 0.0296 0.0128 0.0179 ‘ 0.42

-1
lo0

TABLE 7-2. Epifluorescence  Microscopy Data from SIO contin~ous-flow” study

Source Day Mean Volume Mean Volume Weighted Mean Cells “ 1 i ter- 1
of Rods (Mms) of Spheres (~m3) Volume (~m3)* (Xlog)

Nutrient
Supplemented
Tank

{

o 0.0163 0.0216 0.0190 1.19
2 0.0444 0.0190 0.0360 2.93
7 0.0469 0.0081 0.0661 1.62
21 0.0340 0.0149 0.0241 1.95

●

[

o 0.0222 0.0167 0.0185 1.62

Non-Supplemented 2 0.0353 0.0146 0.0264 1.83
Tank 7 0.0161 0.0106 0.0135 ‘2.12

21 0.0264 0.0109 0.0178 1.31

(Number of Rods Counted) (~ Volume) + (Number Spheres Counted) (~ Volume)
* ~e~~’rlnint!d as f(J~lOWS: — —..—-—— _._,. — — . -  .  —— — —  . —  ..—. ——— —..-



bacterioplankton relative to the incoming seawater. The mean cell volume data

for  the nutr ient  supplemented system are large-r  in  magnitude relative to the

natural seawater system and the incoming seawater, although this difference

may not be significant.

Table 7-3 depicts the inorganic nutrient analyses data for the S10

study for available phosphorous (P03-4, EPA Method 365) and nitrogen (N02-,
N03-0 EPA Method 353.3). Although most values fall below the detection limit

for the calorimetric

nitrate levels in the

incoming seawater and

techniques utilized, it is evident that the nitrite/

nutrient supplemented tank were higher than for both the

the non-supplemented tank. Levels of available inorgan-

ic nitrogen were generally higher for the Kasitsna Bay study (Table 7-4), and

the nutrient supplementation maintained higher levels relative to the natural

seawater.

7.4 I)ISCUSSION

7.4.1 Relations Between 14C and 3!+ Substrate Assays

To determine if any relationships exist between the degradation of

the 14 C-labeled hydrocarbons and uptake/incorporation of the 3H-labeled

organic substrates, the data for each experimental system were plotted individ-

ually to include all substrates for the given experiment. The results from

the S10 study are depicted in Figures 7-6 and 7-8, and for the Kasitsna Bay

study in Figures 7-8 and 7-9. The 3H-labeled  substrate data is compared

between the incoming seawater of the S10 and Kasitsna Bay studies in Figure

7-1o.

As noted previously, a dramatic difference in degradation rates of

hexadecane  vs methylnaphthalene and naphthalene exists for the experimental

systems for both the S10 and Kasitsna Bay studies. The aromatic hydrocarbon

substrates were degraded at significantly higher levels than the aliphatlc

compound, which seems to be in contrast to trends arising in many past studies
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TABLE 7-3. Nutrient Analysis Data for the Flow-through Aquaria at NOAA’s Kasitsna

Bay Facility for Available Nitrogen (NO1 and NO;)

DAY

o

1

2
@

4

7

14

21

28
I

INCOMING SEAWATER

5. OHM

6.2

4.7

4.6

<2*(I

7.1

7.4

6.8

NUTRIENT SUPPLEMENTED

13.3PM {

11.4

7.6

9.9

8.9

13.9

8.9

4.9

NON-SUPPLEMENTED

5.1PM

3.5

4 . 1

3.4

<2.0

4.5

6.1

8.3
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TABLE 7-4. Nutrient Analysis Data for the Flow-through Aquaria at NOAA’s Kasitsna

Bay Facility for Available Nitrogen (NO; and No;)

DAY

o

1

2

4

7

14

21

28

INCOMING SEAWATER

5. OIJM

6.2

4.7

4.6

<2.0

7.1

7.4

6.8

NUTRIENT SUPPLEMENTED

13.3pM

11.4

7.6

9.9

8.9

13.9

8.9

4.9

NON-SUPPLEMENTED

5.1PM

3.5

4.1

3.4

<2*(I

4.5

6 . 1

8.3
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FIGURE 7-7. 14C-HYDROCARBON  DEGRADATION AND 3H-SUBSTRATE  INCORPORATION/
UPTAKE DATA FOR THE NATURAL SEAWATER. (NON-SUPPLEMENTED.)
EXPERIMENTAL AQUARIUM, SCRIPPS It’l~TI~U.IJON  OF OCEANOGRAPHY
SUMMER 1981. VERTICAL LINES ON ABSCISSA INDICATE SAMPLING
POINT.
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FIGURE 7-8. 14C.HYDROCARBON DEGRADATION AND 3H-SMMIE .I~CORPORATICN/
UPTAKE DATA FOR THE NUTRIENT SUPPLEMENTED EXPERIMENTAL
AQUARIUM, KASITSNA BAY, ALASKA, SUMMER, 1981. VERTICAL
LINES ON ABSCISSA INDICATE SAMPLING POINTS.
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(Jordan and Payne, 1980). Both aromatic hydrocarbon substrates were degraded

at comparable rates for all systems in each experiment, and the patterns (rela-

tive rates) were also similar, in most cases, between the two substrates.

However, it must be emphasized that the relative rates of degradation between

labeled substrates, as based upon loss of the 14C label, does not imply an

upper limit on the actual amount of parent substrate undergoing metabolic

conversion during the given period of incubation. This consideration could

certainly negate the apparent contrast in rates of degradation between the

aliphatic and aromatic substances.

In terms of relations between the 14C and 3 H-labeled substrate

trends, only in the nutrient supplemented tank (for the S10 study) was a

definite increase in hydrocarbon substrate degradation present which paral led

increases in rates of both thymidine incorporation, and glucose and Ieucine up-

take after introduction of oil (Figure 7-l). In most cases, no apparent

impacts on the 3H-labeled substrate incorporation/uptake rates following oil

introduction are obvious from the data. It should be noted, however, that the

experimental aquaria in the Kasitsna Bay study demonstrated generally lower

study), and

may tend to

In

that “experimental noise” from variance

obscure general trends unless they are h’

rates of 14C- and 3 H-labeled substrate utilization (relative to the S10

inherent in the techniques

ghly prominant.

summary, the trends which are most apparent in the data for the

continuously-flowing experiments conducted at S10 and Kasitsna Bay are the

following:

@ the 14C-hexad~&ane appeared to be degr~ed at much slower rates
than either C-methyl naphthalene or C-naphthalene (note pre-
vious statements on interpretation of relative rates).

@ both aromatic hydrocarbon substrates were utilized at comparable
rates, with similar patterns (relative rates over time) in most
systems.

* generally lower rates of degradation were apparent for the
Kasitsna Bay study relative to the S10 experiment.
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~~ most cases , dramatic increases in degradation rates for”’ the
C-hydrocarbon substrates occurred within 48 hrs. of oil intro-
duction.

“nutrient supplementation had no apparent influence on4ciegrada-
tion rates except for some slight evidence in the Kasltsna Bay
study (note Figures 7-6 to-7-9)9 where levels of available
inorganic nitrogen (Noz-> N03 ) were som@wh.at ‘igher ‘ban ‘n ‘he
S10 study.

3
. .

Increases in H-thymidine incorporation into cellular DNA after
oil introduction were apparent for the S10 data and”, to a much
lesser.extent, for the Kasitsna Bay study.

3H-glucose and 3
high variance in the H-leucine data exists for
most experimental systems” in both studies, with no apparent im-
pact from oil introduction except for some initial trends.

in only one of the exPerimef~al aquaria (SI~) ‘as ‘here a con-
comitant increase in both C-labeled and H-labeled substrate
utilization after introduction of Prudhoe Bay crude.
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7.4.2 Longer-term Microbial Degradation Analyses -- Kasitsna Bay (Summer

w

As noted in Section 5.3 of the Evaporation Dissolution chapter,. sever-

al long-term ‘(6 months to 1 year) sub-arctic microbial degradation experiments

were initiated in the outdoor tanks at the Kasitsna Bay laboratory in Octo-

ber, 1980. At that time, the tank configurations were set-up as shown below:

Tank 7 Flow-through condition Fresh oil

Tank 3 Flow-through condition Fresh oil + Corexit (20:1)

Tank 2 Static condition Fresh oil

Tank 5 Static condition F r e s h  o i l  + Corexit (20:1)

During the Spring 1981 program, after six months of weathering, oil

and water column samples were obtained from all four tanks; flow-through tanks

3 and 7 were maintained to continue longer term weathering studies. All of

the remaining oil from the static tanks (2 and 5) was then removed and frozen

for future analysis (if desired), and 40-L seawater samples were obtained,

acidified (to PH 2.0), extracted with CH2C12, and analyzed.

This section describes results of chemical analyses of the oil and

water samples from these longer-term studies and presents additional results

obtained from the 6 month to 1 year sampling period in the flow-through tanks

3 and 7. In addition, results are presented on summer (May through October)

microbial degradation studies undertaken on fresh crude and artificially gen- “

erated mousse in the presence and absence of turbulence and Corexit (as shown

by the matrix diagram presented earlier in Section 5.3, Figure 5-34).

Two of the more significant findings of these longer term microbial

degradation studies relate to the appearance of clear seasonal trends in bacte-

rial utilization and differential microbial degradation with dependence on the

status of the oil slick itself (i.e., stranded oil, mousse patches, surface

slicks, oil droplets). As noted below, the chromatograms of samples collected

7-31



after six months of ambient static tank weathering during the winter period

from October 1980 through April 1981, showed only limited microbial degrada-

tion.

The significance of chromatographic analyses depicted in Figures 7-11

and 7-12 relates to a demonstration of the “type of overall weathering which. .
may occur during the subarctic winter season for oil stranded in an aquatic

environment that experiences little ’flushing. This may be the case for an

estuarine situation, where the water column beneath the slick 1s relatively

stagnant. Limited evaporation would be expected due to the cold temperatures,

and a “buildup” of the more water-soluble petroleum components in the underly-

ing water column may occur. Microbial degradation of the oil slick and solu-

bilized petroleum components in the water might also be limited due to cold

water temperatures as well as limitations in nutrient supplies from lack of

water column flushing and subsequent nutrient replenishment.

Figure 7-11 depicts the aliphatic and

obtained from 011 samples which had weathered

aromatic fraction chromatograms

over the six month winter pe-

riod. In this experiment, both the oil and water (in tank 2) were maintained

in a static condition from October 1980 to April 1981. In the allphatic  frac-

tion (Figure 7-11A), n-alkanes are present down to nC-12, and the nC-17/

pristane and nC-18/phytane ratios are 1.79 and 1.85, respectively. These

values are nearly identical to the corresponding ratios obtained from analysis

of the starting oil, and suggest llmited microbial degradation during that

time interval in that isoprenoids  are generally thought to be less biodegrada-

ble than their straight-chain counterparts (BLUMER et al., 1973). - Further-

more, during the winter months, it is clear that loss of lower molecular

weight components by evaporation processes was inhibited due to the colder

subarctic temeperatures (water temperatures were near 4°C when the experiments

were initiated, and periodic freezing and thawing occurred during January and

February, 1981. ) Figure 7-llB shows the aromatic fraction of the oil, and

this also shows that evaporation and dissolution of compounds with Kovat indi-

ces less than 1200 has occurred from the surface oil slick. These more water
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FIGURE 7-11. FLAME IONIZATION DETECTOR CAP ILLARY GAS CHROPATOGRAMS  OF
PRUDHOE BAY CRUDE OIL AND SEAMATER SAMPLES OBTAINED AFTER 6
MONTHS OF SUB-AMBIENT WEATHERING FROM OCTOBER TO APRIL 1981
UNDER STATIC (NO-FLOW) CONDITIONS (TANK 2). A AND B
REPRESENT THE ALIPHATIC AND AROMATIC FRACTIONS OF THE OIL,
RESPECTIVELY, AND C ANO D REPRESENT THE ALIPHATIC AND AROMATIC
FRACTICNS OF THE WATER COLUMN, RESPECTIVELY.
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obtained from the water beneath the sljck; Fjgure~ 7-llC and 7-llD depict the

allphatic and aromatic fractions, respectively, of the acidified water column

extract from the outdoor tank 2. while the capillary column 1s clearly over-

loaded, the presence of exceedingly high levels of aromatic compounds ‘in the

water can be observed. Aromatic compounds present include benzene, toluene,

xylenes, alkyl-substituted  naphthalenes, and phenanthrenes. The exceedingly

high levels in the aromatic fraction also help to explain ~he limited break-

through of some of these components ’into the a?iphatic fraction (Figure 7-llC)

during the liquid column chromatography. ,,@

Because the outdoor tank was stagnant during the six month period

between October to April of 1981; these lower molecular components were not

readily removed by advection. However, they might be expected a priori to be

lost due to evaporative processes. One hypotheses to explain the lack of thiS

anticipated loss is that the oil on the surface of the water formed a skin or

cap which then prevented additional loss of these more water soluble aromatic

compounds from the water column via evaporative processes. Similar observa-

tions were made by PAYNE, et al. (1980) during the sub-surface IXTOC-I  blowout

in the Gulf of Mexico in 1979, where elevated levels of benzene, tuolene, and

xylenes were found In the water column. In that instance it was also belleved

that the oil coating on the water acted as a cap to inhibit efficient air-sea

exchange and that removal of the compounds by evaporation would only occur

after advection of the water away from the slick (or wind driven movement of

the slick itself).

Figure 7-12 presents the chromatograms  of oil samples from-the static

tank experiment of oil plus Corexit (tank 5) after the same period of weather-

ing. Qualitatively the chromatograms appear very similar to those in Figure

7-11, and it can be seen that during the winter months, most of the volatile

components with molecular weights less than nC-12 (Kovat Index 1200) were lost

(Figure 7-12). Figure 7-12B shows that the aromatic compounds with molecular

weights less than the methylnaphthalenes were lost by evaporative and dissolu-

tion processes.

*
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FIGURE 7-12. FLAME ION IZATIOP( DETECTOR CAPILLARY GAS CHROMATOGRAMS OF
PRUOHOE BAY CRUDE OIL PLUS COREXIT AND SEAWATER SAMPLES
OBTAINED AFTER 6 MONTHS OF SUB-AMBIENT WEATHERING FROM
OCTOBER TO APRIL 1981 UNDER STATIC (NO-FLOW) CONDITIONS
(TANK  5). A AND B REPRESENT THE ALIPHATIC AND AROMATIC
FRACTIONS OF THE OIL, RESPECTIVELY, AND C AND D REPRESENT
THE ALIPHATIC AND AROtiATIC  FRACTIONS OF THE WATER COLUMN,
RESPECTIVELY. 7-35
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The aliphat~.c fraction of the acidified water column extract (Figure

7-12C) has nigher levels of aliphatic compounds compared to ‘the aliphatlc

fract?on for the tank 2 water (Figure 7-llC), and this is presumably due to
the influence of the dispersant.

Figure 5-llD shows the chromatogram

of the water column extract from this tank,
wlntt?r experiments, high levels of arOi’IItitlC

obtained on the aromatic fraction

and as in the other case frqn the
hydrocarbons are observed to re-

main in the water after six”months of subarcti$ weathering. As noted before,

this presumably reflects diffusion controlled processes limiting loss of these

components through the viscous oil slick cover.

As noted above, outdoor tanks 3 and 7 were maintained in the flowing

cor?dltion  during the period of April through October 1981. ~uring this period

significant increases in microbial degradation of the oil in the tanks were

noted. Further, while examining the oil from the different tanks, longer term

oil weathering processes were observed to be clearly dependent on the status.
of the stranded or floating oil. Specifically, microbial degradation appeared

to be primarily a’ surface phenomenon, and evidence of extenisve microbial

processes was llmited to surface films emanating from larger oil/mousse

patches.

Evidence of the differential weathering patterns observed in oil

droplets versus surface film are presented in Figure 7-13. Figure 7-13A pre-

sents the capillary column gas chromatogram  (non-fractionated) obtained on oil

droplets observed in outside tank 3 after eleven months of continuous weather-

ing in the flow-through system. Interestingly, compounds are present down to

Kovat indices 1100 showing limited evaporation fronr the interior of the drop-

let. In this instance, formation of a surface crust on the oil during the

winter months presumab’

microbial activity over

y limited further evaporation/dissolution losses and

the summer.
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FIGURE 7-13. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGFMMS OF WEATHERED

- OIL ANEI WATER COLUMN SAMPLES AFTER 11 MONTHS OF CONTINUOUS SUB-
ARCTIC !4EATHERING (OCTOBER 1980 TO SEPTEMBER 1981) IN THE OUTDOOR
FLOW-THROUGH AQUARIA (TANK 3): (A] OIL DROPLETS (ENTIRE EXTRACT) ;
(B) SURFACE FILM EMINENTING  FROiYi OIL PATCHES (ENTIRE EXTRACT);
ANll (C) ACIDIFIED SEAWATER EXTRACT.
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Flqure 7-13f3, however,  SNOWS extens~ve evaporative  a n d  mlcroblal

deqrddatlon  losses In”the translucent fl.lm emanating from the !arge pdtcnes of

the 011 In the outdoor tank. In this Instance, the. only major resolved compo-

nents rernalnlnq in the chromatoqrarn  are those of prlstane and phytane and

other isoprenold compounds. The chromatogram  is also character~zed  by a rela-

tively large unresolved COmPlex mixture and higher molecular weight n-alkanes

rafiginq from nC-23 through nC-29.

Figure 7-~3B presents the chromatogram  obtained from the acldlfied

water extract after eleven months of natural

conditions. Cle~rly there are a number of

sdmple extract.

weathering under the subarctic

polar compounds present in the

F~qure 7-14A presents the FID capillary gas chromatogram  for a l~rge

patch of floatlng mousse from tank 2 (artiflc~al mousse and Corexlt) ~ftdr

f~ve months of weathering (May. to September). Essentially complete loss of

compounds below nC-13, due to evaporation and dissolution, can be observed.

However, mlcroblal degradation IS not reddily evident In this sample from the

appearance of the chromatogram. This lS believed to, be due to the fact that

the hloher concentrations of relatively unweathered components (making UP the

interior of tne patch) mask any selective microbial utilization of specific

alkanes that mlqht have occurred on the lower surface’ which was exposed to the

water column.

Figure 7-14B p&sents the “chromatogram obtained on a sample of

stranded mousse collected In September from the sides of tank 2. Th~s also

shows only llmited mlcroblal degradation, although

Ot comoounds below Kovat Index 1400 is noted.

elevated temperatur~s encountered during surnmer-time

a sllght Increase in loss

This presumably reflects

exposure.

Figure 7-14C shows the chromatogram obtained from a translucent film

extending from the bulk of the mousse patch from tank 2. In this Instance a

loss of al~phatic  and aromatic compounds below 1500 is evident and enhanced

mlcroblal degradation is suqqested by the nC-17/prlstdn& and nC-18/phytanti

rat~os ot 0.61 and 0.73, respectively.
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FIGURE 7-14. FLMIE IONIZATION DETECTOR CAPILLARY GAS CHROPATOGRAMS OF ARTIFICIALLY
GENERATED PRUDHOE BAY MOUSSE PLUS COREXIT AFTER 5 MONTHS OF
WEATHERING (WAY TO SEPTEMBER 1981 ) IN THE OUTDOOR FLOW-THROUGH
AQUARIA (TANK 2) AT WSITSNA 3AY, ALASKA: (A) ARTIFICIAL !!OUSSE
FLOATING ON THE b!ATER COLUMN; (B) STRANDECJ MOUSSE FROM THE SIDE
OF THE CORRAL; (C) SURFACE FILN E: IINENTIJJG  FROM !YOUSSE PATCHES;
AND (D) AC IDIFIEil SEAWATER EXTRACTS.
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Figure 7-140 shows the acldlfied water extract obtained from a 31.7

liter water sample obtained four months after the mousse was initially spilled

in the flow-through water system. This extract has been submitted to GC/MS

analysi,s and Figure 5-41D (in Section 5.3) presents the reconstructed ion

chromatoqram obtained on that sample. The disparity in the appearance of the

cnromatoqram In Figure 5-41D compared to Figure 7-14D can be attributed to

inadvertent loss of lower molecular components before GC/MS analysis during

transport to our La Jolla facility.

7.4.3 Observations of Microbial Degradation in the Flow-Through Wavetank
Studies - Kasitsna Bay (Summer 1982 - 1983)

In Section 5.4.5 we discussed the changes in realoglc properties and

Chemical composition of the slick due to Physical/chemica~ weatherln9  in the

wave tank experiments. In support of the microbiological oil degradation work

presented In this section, additional chromatographic data were interpreted to

provide informat

wave tanks.

The sum

on on the microbial degradation processes occurring in the

er experiments were begun in June, 1982, and we returned in

October to further monitor the weathering process. After four months of

ambient subarctic weathering over the sumner and early fall period, signifi-

cant changes in the 011 were observed. Figure 5-75 in Section 5.4.6 presents

a photograph of the tarba??s and rather fluid sauce-like material observed in

the tanks. To determine If microbial degradation was selectively different on
the exterior versus interior of the tarballs shown in the figure, t!llqUOtS

were obtained on several tarballs. The surface skin of the materiat was com-

pared to the interior of the tarball. Figures 7-15A and 7-15B present the

flame ionization detector gas chromatograms obtained orI the surtace skin and

Interior, respectively, of a tarball from wave tank #2 sampled in October,

1982. Sixty milligram aliquot subsamples  of the surface and interior were

removed and dissolved In 2000 microliters of methylene chloride. The nu”mber

of resolved peaks in the surface, skin is significantly lower than the resolved

peaks observed in the lnterlor. The first major component observed in botn
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FIGURE 7-15. Flame Ionization Detector Gas Chromatograms of A) Surface Skin
and B) Interior of Tar Balls from Tank #2 (October 1982).
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samples 1s n-C12 which suggests that evaporative processes had dominated pr

to tarball formation. The lower number of resolved components in the surf

skin versus the Interior, fOr the same mass of oil,’ reflects the extrem

hlqh water content in the 011 on the surface of the tarball. The ratios

n-C17 to pristane and n-C18 to phytane (Table 7-5) indicate that, after t

weathering period, no significant changes In the ratios of straight chain

brancned chain components or straight chain to selected aromatic compone

were observed in the surface versus interior. This suggests that there

only limited microbial degradation up to that time.

Table 7-5

Ratios of Selected Components in Tarball Surface and Interior Samples

Center of Tarball Outer Surface of Tarbal

n-C17/pristane 1.49 1.39

n-C18/phytane 1.76 1.85

n-C14/biphenyl 4.62 4.54

n-C16/2,3,5-trimethyl- 8.21 8.17
naphtnalene

n-C /dibenzothiophene16 5.64 7.08

When the wave tanks were again examined in March, 1983, after n

m o n t h s  o f “open ocean” weathering,

among the tanks. The tarballs had,

size and volume. “This produced a

t h a t  w a s  o b s e r v e d  t o  float a d j a c e n t

there were several significant differen

in a number of instances, been reduced

very sloppy, foamy type oil-water emuls

to the limited number of tarballs rema

lng. Figure 7-16 presents the flame ionization detector chromatogr,

obta~ned on the foamy oil-water emulsion surrounding the tarballs. Int

estinqly,  the scurmny, foamy oil mat and the exterior surface of the tarb

p r o d u c e  chromatographlc p r o f i l e s  w h i c h  a r e  n e a r l y  i d e n t i c a l . From this

believe that the materials observed in the tank simply slough off of the ex

rior surface of the tarballs.
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FIGURE 7-16. FID Gas Chromatograms of A) the Foamy Oil/l~ater Emulsion Surrounding the
Tarballs, B) the Outside Surface of Discrete Tarballs,  and C) the Interior
Material Obtained from Tarballs from Wave Tank 2.
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Ulth continued weatt’ierlng  in the spring and sunxner season, mlcrol)lal

degradation of tne 011 a“ppeared to be accelerated. Figures 5-88 through 5-90

In SectIon 5.4.6 present a photograph of the tarballs and foamy surface

mater~al observed in the wave tanks after” one year of weathering at Kasitsna

Bay. Figure 7-17 presents tlame ionization detector gas chromatog’rams

obtained on the white foamy material observed in the photograph, the whole oil

obtained from several of the smaller sized (less than one centimeter) .tar-

balls, and oil from the lower swash zone of wave tank #2.’ At this time, the

n-C17/pristane  and n-C18/phytane  ratios have cOntlnU@d to decrease and, in the

small tarballs most of the other n-alkanes have been completely removed. in

the chromatogram (Figure 7-17C), all of the n-alkanes have been removed from

the oil material, and the only components remaining are the lsoprenoid

c ompounds farnesene,  pristane, and phytane.
.

In evaluating the data presented for time series concentrations of

individual components under Section 5.4.7, rates of evaporative/dissolution

and microbial degradation can be obtained for several *of the components of

Interest. In particular, the rate of loss of n-C17 appears to be approxi-

mately 100 micrograms per month from two months to, nine months following the

spill. During the same time interval, the degradation rate for prlstane 1s

less than 25 micrograms per month. Slightly higher molecular weight colTIpo-

nents show a similar removal rate, which is assumed to be due solely to micro-

bial degradation and ultimate dissolution of the oxidation products. Flqure

5-109 depicts the data for n-C16 and n-C27 and their respective loss rates of

30U and 250 micrograms per month. The similarity of these rates suggests that

‘-L16 is not being removed by evaporative processes (as the boilin~ po~nts of

‘-C16 and n-C27 are 287°C and 422”C, respectively). Rate loss data for n-C15,

n-C 18, and phytane are also shown in Figure 5-109. Pentadecane (n-C15) 1s

lost to a sllqht extent by evaporative processes, and an overall rate constant

of 275 micrograms per month is estimated from

over the 12 months of the experiment was 200

the branched isoprenoid,  phytane, 1s estimated

50 micrograms per month.

the data. ‘he ‘“cl$ ‘Oss ‘ate
micrograms per month; however,

to be removed at a rate of only
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FIGURE 7-17. FID
Oil

Gas Chromatograms of Samples of A) White Foamy Material, B) Whole
from Small Tarballs,  and C) Oil from Lower Swash Zone of Tank #2.
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A time-ser]es “representation of petroleum hydrocarbon component

losses trom the 011 sllck In the wavetanks at Kas~tsna Bay IS seen In Tab?e

5-10. Ev~porat~ve loss of the ‘lower molecular welgttt allphatlcs occurred

wltrtlrt the first twelve days of weatherlnq such that only n-alkanes ot molecu-

lar weiqht n-Cll and qreater remained in the oil. llrastlc reductions in the

‘ rlstane and n-C /ph,ytanefl-c17, P 18
ratios are evlclent over longer per?ods of

weatherlnq (Figure5-lllA versus 5-1116)’.’

S~fil?ar time-series FID chromatograms  for wavetank  seawater extracts

are presented in-Flqures 5-112 to 5-113. The llghter aromatic components

quickly disperse Into the water column, but this flux appears to begin falling

off Wlth?n 48 hours of the spill (Figure 5-112C versus 5-112D).

Over longer periods

extracts no ?onqer resemble

of weathering,

the continued

components, suqgestlng biodegradation as an

the chromatoqrams  of the seawater

dissolution of “parent” petroleum

Important  mechanism for continued

dissolution. F?gure 5-113 depicts the filtered seawater extracts (nonfrac-

tlonatecf) from WdVe’tdnk  #2 at Kas?tsna Bay; it is apparent from the chromato-

qrdms that dlssolutton falls off between four .-and twelve months of weathering.

It ‘is ot interest to compare the behavior of petroleum components

(pdrent and degradat~on products) in the Kasitsna Bay wave tanks to the dis-

solution behdvlor which occurred during the Summer 1981 continuous-flok

wedtherlnq  s t u d y  p e r f o r m e d  at SCrlppS  ~nstitution o f  O c e a n o g r a p h y . In t h i s

s t u d y  t h e  seawate”r e x t r a c t s  “ w e r e fr~CtiOndted  b y  s i l i c a  g e l ,  ?Iquid-sollc

chromatography to facilitate isolation of polar components resultinq frori

microbial dt?graddtlon. From tne

that microbial degradation does
cllssolutlon In that the flux of

between nine and 23 days. The

chromatograms In Figure 7-18 It 1s evident

become an important mechanism for component

polar components increases for both tdfIkS

corresponding chromatograms  of the incoming

sedwater polar fractions (not shown) , as wel I as those for the parent

(unweathered) Prudhoe Bay crude polar fraction extracts (see Figure 3-6, 0~ 1

Chdracterlzdtlon, SectIon 3.0) are void of FID-sensitive components.

.1(.
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FIGURE 7-18. FID-GC Chromatograms of the Polar Seawater extract fractions
from the S10 Summer 1981 continuous-flow weathering study: (A)
and (B) two experimental tanks at day 9; (C) and (D) at day 23
post-spill time. (1S= Internal Standard).
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Further SuppOrt of the role of blodegrddatlon as an Important mecfld -

nism tor continued dissolution, by altering parent petroleum components to
more polar (and therefore more water-soluble) components, 1S offered by GC\MS

analyses of polar fraction extracts from the S10 study. The polar fraction of

a water column extract

days of weatherlnq was

FID-GC chromatograrn (not

extract (Figure 7-18).

from one continuous-flow experimental tank after 30

subjected to FID-GC and GC/MS characterization. The

shown) bears strong resemblance to that ot the 23 day
Tentative component identifications by GC/MS indicate

the presence of aromatic species containing hydroxyl,  dihydroxyl (diols),

polyhydroxyl, ketone, a?dehyde, and carboxylic  functions. Al?phatic deriva-

tives which could arise from microbial degradation, such as fatty acids,
esters and Iong-chain alcohols, were also present, although in re?dtlvely
small quOntltles.

In an attempt to assess the relatlve impacts of dissolution and micro-

bial degradation rates upon removal of petroleum components from an oil sllck,

tne dissolved concentrdtlons of selected components f~om the Kasltsna  Bay

wavetank studies have been compared to the results of the 14C-1abeled hydrocar-

bon degradation rdte studies performed in the summer of 1981.

p,lthouqh caution must be taken when trying to compare results from

two dltferent experimental systems operated under different turbulence and

seawater throughput conditions during different surrrner seasons, this apPrOac~

can, at least in a semi-quantitative fashion, determine which process (physl-

c.al dissolution versus biodeqradatlon)  is the dominant mechanism. The indoor

aquaria

operated

dnd tank

pdred to

14C-labeled  hydrocarbon degradation stu~les wereutilized for the

under relatively “static” conditions; there was no induced turbulence

volume turnover rates were slower (approximately one per day as com-

about eight volumes per day for the wavetanks). However, since It 1s

qenerally  belleved  that microb~al deqr~dative activjty  is prlmarlly centered

at the oil-seawater interface (JORDAN and PAYNE, 1980), the lower turbulence

and longer residence time for water soluble petro?eum components in the indoor

aquaria should allow for more deqradatlon to occur if nutrient availability

AHd dlssc)lved  ox.yqen levels do nut become Ilmltlng.  -
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From the wave tank studies, the average dissolved concentrations over “

the first 12 days (post spill) were about 9 !Jg/1 for naphthalene and 7 ug/1

for 1- and 2-methyln~phtha lenes. From the 14C-substrate work, average degra-

dation rates for 14C-naphthalene  and 14C-methyl naphthalene were 2 ug/1-day and

- 4 ~g/1 day, respectively. It is of- interest to note that the corresponding

rates from the S10 study (performed during the same time period) were about 25.
ug/1-day for both corrtipounds. This 1s mo~t likely attributable to h’iqher”  water

temperatures for th6 S10 study. The high flux of these aromat~cs, as welt. as

other soluble components, due to the high wave tank volume turnovers (wnich 1s

most likely more realistic for a real open-ocean spill situation), indicate

that dissolution by far dominates biodegrddatlon. From the chromatoqrams

presented earlier,

the creation of PO”

dation products.

however, continued dissolution appears to be due both to

ar metabolic products as well as polar photochemical degra-
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sot) RECENT INTER LABORATORY lNTERC.AI  itlRATl(~N PR(~(;RAMS

SAI’S laboratory has routinely participated in Intercalibration pro-

grams: (1) an intercal ibration program among the partlcipatinq hydrocarbon

laboratories in the Southern California OCS BLM program (Payne et al., 1979a);

(2) a water CO1 umn extract and mousse intercal ibration among the major labora-

tories irivolved in the NOAA RESEARCHER cruise to study .the IxToC-~ blowout

(Payne et’ al ., 1980a); and (3) the NLIAA/OCSEAP sediment intercalibration pro-

gram using Duwamish  River sediment samples (Payne et al., 1979b). AS Part of

the Multivariant Analysis of Petroleum Weathering Program, more recent

NOAA/OCSEAP intercalibration programs were Completed in January 1981 (Duwamish

II), November 1982 (Sinclair Inlet

Extract-1 and its associated standard,

In the BLM program, several

sediment), and December 1983 (Test

vial A).

different methods were utilized by the

participating laboratories, but excellent interlaboratory accuracy and preci-

sion were obtained. In the first OCSEAP intercalibration program, our own

laboratory evaluated three separate methods for sediment analyses: Soxhlet

extraction; shaljer table extraction; and Soxhlet extraction using solvents

recommended by Dr. William MacLeod of NOAA/NMFS-Seattle. As in the previous

intercalibration  exercises, very good intermethod precision was obtained, and

examination of our data and MacLeod’s showed that essentially identical

results were obtained in both laboratories.

In the Duwamish 11 intercalibration

for sediment extraction was used; however,

program a shaker table procedure

the solvent systems were those

whjch are typically utilized in our laboratory for hydrocarbon analyses. The

results of our Duwamish 11 intercalibration analysis are presented In Table

8-1. As the data indicate, fairly good precision was obtained, with coeft?-

cients of variations generally less than 20 percent for both the aliphatlc and

aromatic fractions. Figure 8-1 presents the relative concentrations of the

polynuclear aromatic hydrocarbons obtained by our laboratory and by the

NOAA/NMFS-Seattle laboratory. The profiles are nearly identical over a wide
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dynamic range, and the overall concentrations of materials are well within one

standard devldtl OrI. As the data Suggest, v e r y  g o o d  a g r e e m e n t  b e t w e e n  o u r

laboratory and the National hlarlne Fisheries Quality Control Laboratory wds

obt~ined. In general, when we conduct replicate analyses to evaluate labora-

tory preclslon, our results show that coefficients of variations for Speclflc

compounds at nanogram levels are near 20 percent or better.

For the Sinclair inlet secliment  intercalibratiori  program the same

shaker table extraction and sample workup procedure was used as In the

Duwamlsh II intercalibration program (methods are presented In Appendix H).

However, upon recommendation from Dr. William MacLeod of NOAA/NMFS-Seattle,  an

additional gel permeation step was performed on the aromatic fractlori to

remove interfering compounds (described by Ramos and Prohaska, 1981). The

aromatic fractions were analyzed by both FID-GC and GC-MS; and the results are

presented in Tables 8-2 and 8-3. The NllAA/NMFS-Seattle,  ?aboratory has not yet

released the results of this inter-calibration, so no inter-laboratoy  compari-

sons of absolute concentration can be made. The precision of measurement

within our own laboratory was quite high, however, as the coefficient of varia-

tion for individual compound measurements ranged from 1-19% for the FID-GC and

from 3-25% for the GC/MS. Depending on which of the three internal standards

was used for recovery determinat~ons, different portions of the chromatoqra~

exhibited higher precision. However, the majority of compounds measured by

FID-GC and GC/MS exhibited analytical coefficients of variation (C.V.) less

than 10% and 15%, respectively.

In the most recent NOAA/OCSEAP intercal?bration program no extract~on

or sample workup was required. A vial of Test Extract (TE-1) and its asso-

clzited standard (vial A) were analyzed in triplicate by FID-GC and GC/MS.

Because the concentrations of aromatic analytes in the standard (vial A) were

riot released to the participating laboratories,

both vials were reported as percent (%) of one of

present. The results from the FID-GC analyses are

8-5. Coefficients of variation for the triplicate

compound concentrations tor

the three internal standards

presented in Tables 8-4 and

FID-GC analyses ranged from
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TABLE 8-2 . *MS

ANALYI’E

rmphthalene
benzothiophene
2-methylnaphthal  ene
2-mthylna@khalene
biphenyl
2 ,Gdimethylnqhthalene
acena@kkne
trimet.hylnaphthal  ene
f luorene
iiibenzothio~ene
@enanthrene
anthracene
I-methylphenanthrene
fluoranthrene
pyrene
benz (a) anthracene
~chrysene
benzo (e} ~rene
&nzo (a] ~rene
~rylene

aCoef f icient of Variation

%he peak of interest was

%?eak was Not Detected

IP7TERC?iLIBRATION III - SINCLAIR INLET SEDIMENT RESULTS
FROM TRIPLI(XIE  FI&GC ANALYSIS

Concentrations in rig/g dry wt.

Calculations Based
on d-naphthalene

I-Std

NE$
N@

57.3 ~ 6.4
24.321.3
16.822.5
58,1 h4.8
19.1 &l.8
70.5 ~ 5.2
35.0 ~3.2
42.4 k 3.3
207 & 3

79.823.3
65.1 &5.1
472 & 33
730 & 92

C.v. a

u%
5%

15%
8%

:
9%

E
2%
8%
7%

13%
9%
8%
9%

10%
12%

is (sd~x) ● (100)

NR
ND

45.224.6
19.3 & O*9
13.422.5
46.1 *4.3
15.2 31.7
55.9 & 2.5
27.8 t3. O
35.0 Asel
16424.9

63.3 33.1
51*7 t5*o
374 k 29
578 & 64
1 6 6215
259 &15
320 & 32
223 & 14

EK5.2 & 8.5”

C.v.
I

i * Sd C.v.

10%
5%

19%
9%

11%
5%

11%
15%
3%
5%

10%
8%

11%
9%
6%

10%
6%

10%

NR
ND

50.3 36.4
21.3 31.5
14.7 & 2.2
51.0 i 5.2
16.821.9
61.7 33.8
30.7 &3.4
37.3 A 3*9
181,~1

69.9 t4.6
57.5 &5.7
440 & 85
641 t 92
1 84219
290 *32
351 A 35
246 ~20
96.8310.4

Not Resolved frcm a neighboring  peak

13%

1;:
10%
11%
6%

11%
10%
6%
7%

10%
19%
14%
10%
11%
10%
8%

11%
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TABLE 8-3 . F!2P&FJWS Ih71’ERCAIJ13RATION III - SINCLAIR INL&’I’ SED1lfElii REWLTS
FRKX4 TRIPLICATE GC/MS ANALYSIS UTILIZI~ A SPECIFIC Khl AREA
(generally the base peak) FOR DATA REDUCTION

ANALY17E

naphthalene
benzothio~ene
2-rnethyl.na@blene
l+nethylna~thal  ene
bighenyl
2,6-dimethylna@khdene
acenqikhene
tr in&hylna@thalene
f lumene
dibenzothio@Ene
@enanthrene
anthracene
l-methyl ~enanthrene
f lumanthrene
pyrene
kxmz (a) anthracene
chrysene
benzo (e) pyrene
bnzo (a) ~rene
perylene

ticentrations in ncj/g dry wt. I

C a l c u l a t i o n s  B a s e d
o n  d-namthalene

I-St~

X&sd’

54.4 & 6.2
N@

42.0 k 5.7
20.5 t 2.2
9.1 t 2.0

40.7 *3.6
10.8 A1.2
49.7 &4.5
26.6 ?3.8
11.7 *0.9

254 k 9
WA8

161 ~ 12
585 f 38

1009 * 77
316 ~ 24
447 & 34
429 & 12
401 ~ 11
154 ~ 6

:.v. a

11%

14%
11%
22%

9%
11%

s%
14%

&

1:
8%
7%
8%
8%
8%
3%
3%
4%

—
aCOefficient  of Variation is (~x) ● (100)

WeulatiOns Wd &lcul.ations  Based
cm d-acxma~thene on c%~rylene

I-Sttl I-std

x d Sd C.v. 1- 1x i Sd C.v.
I

50.8 k 8.3 16%

39.1 ?6.4
-19.1 & 2.8 15%

8.5 A 2.1 25%
37.9 L 5.1 13%
10.O A 1.6 16%
46-3 &6.7 14%
24.8 k 4.6 19%
lo.9il.3 12%
237 A 19 8%
75 t 11 15%

149 * 14 9%
545 f 66 12%
9402122 13%
294 A 38 13%
417 a 55 13%
399 & 34 9%
373 & 30 8%
143 L 11 8%

39.1 k 5.2 13%

30.2 F4.6 15%
14.821.9 13%
6.6il.6 24%

29.223.2 11%
7.7 *1.O 13%

35.7 & 4.0 11%
19.1 23.1 16%

8.4 tO.8 10%
182 A lo 6%

57.5 k6.9 12%
115 i lo 9%

! 420 234 8%
725 &65 9%
227 i20 9%
321 229 9%
308 k 14 5%
288 k 14 5%
110 i7 6%

bl?eak was Not Detected
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TABLE 8-4. IWWNMFS IIVI’ERCALIBRATION IV - VIAL A IULSLJLTS FK$l

ANALYTE

na~thalene
2-methylna@thalene
I-methylna@thalene
biphenyl
2, 6-dimethylna@thalene

I acena~thene
I
2,3,5-

trimethylna*thalene
fluorene
*.enanthrene
anthracene

I l-~thyl~emthrene
! 3 ,6-dtiethylphenant.hrene
fluoranthrene
pyene
benz (a) anthracene

1 ~~~~rene
benzo (a) pyrene
prylene
dibenz (a,h) anthracene

.d8- na@khalene
dlo - acenagtkhene
d12 - ~rylene

TTUl?LIGiTE F’lD-GC ANALYSIS

Concentrations as Percent(%) of I-Std .

Calculations Based
on d-na@khalene

I-std

79.6 & 5.7
123.223.5
124.5 t 3.6
133.4 & 3.3
131.5 k 3.2
115.3 i 2.2

a@efficient of Variation

119.2 ~ 1.9
107.4 *1.1
113.7 t 3.5
105.3 & 4.2
107.2 ~ 5.9

! 94.126.2
90.5 i7.o
87.3 & 8.1
74.3 f9.4
43.6 t7.O
63,1 & 9.7
63.3 & 9.4
46.027.0
45.7 &9.3

100
125.4 il.9
42.7 &6.1

7%
3%
3%
2%
2%
2%

2%
1%
3%
4%
6%
7%
&i
9%

13%
16%
15%
15%
15%
20%

2%
14%

i s  (sd/1)0(100)

.8-7

“.

Calculations Based Calculations Based
cm d-acenaphthene o n  d-gwylene

I-Std I-Std. .

63.4 L3.7
98.3 A1.3
99.221.3

106.3 31.1
104.931.0
91.9 to.4

95.0 io.2
8 5 . 6 3 0 . 7
90.7 ~ 4.0
84.0 A 4.6
85.5 A 5.8
75.0k  5.9
7 2 . 2 3 6 . 5
69.7 ~7.4
59.4 A 8.2
34.8 A6.O
50.4 & 8.4
50.6 *8.1
3 6 . 7 3 6 . 0
36.5 &7.9

83.9 A 0.8
100

34 .155 .3

6%
1%

:
1%

<1%

<1%
<1%

4%
5%
7%
8%
9%

11%
14%
17%
17%
16%
16%
22%

<1%

16%

296 *51
317 254
313 253
274 t 44

I 283 i45
255 &39
269 t 30
249 A 26
253 323
222 &17
213 &14
205 310

174.422.6
101.833.6
147.6 i2.O
148.2 ~1.4
107.6 tl.1
106.5 i6.8

242.341
265 A22

100
1

C.v.

2 0 %
1 7 %
17%
1 7 %
1 7 %
16%

1 6 %
15%
11%
10%

9%
&
7%
5%
1%
4%
1%

< 1 %
1%
6%

,, ,.
17%

8%
.—



Qm=ntrations as Per-t(%) of I-Std

@,culatiom Based &lculatioM B- Ca’lculatiow Ba=d

on d-m~tidew on d-a~na@tiwe
On d-pery~e~e

~-std I-std
1-Std

i~sd C*V” s~sd c*~*
;~sd k.v. a

mm I
—

mpkhdene
2*tiyM@tidme
l-metiylm@tidene
bi~enyl
2 ,6-d~etiylna@titi H

3 9 . 9 5 3 . 5  9%
37.1 t 0.6 2%
22.9 ~ 0.1 <1%
10.2 *0.3 3%

.ene 19.8 t0.5 3 %
65.6 ~ 0.9 1%

2,3,5:
tr ~tiylm~ti~ene

N@ —

flumene 70.7 21.2 2%

@enanthrene
394 & 9 2%

anthramne 87.9 i3.o 3%

l-wtiyl~emntirme
17.2 fl.2 7%

3, 6-d Metiyl@enmtirene
4.3 *1.5 34%

f~wranthrene 488~19 4%
525 L ~ 5%

~ pyrene
, @L (a) mthra=ne

157 t 7 ~%

I

Arysene
237 ~ 8 3%

&glzo (e} p’pene
124 ~ 4 3%

wO(zi)pirene
122 ~ 5 4%

~rylene 25.9 & 1. 7 7%

tibenz (a, h) anthrame 6.52 iO .47 7%

dards I I

I 34.1 *2.6 8%
31.7 ~ 0.4 1%

11

1 9 . 5 5 0 . 4  2%
8 .7250 .42  5%
1 6 . 9  tO.3 2%
56 .0  io.5 <1%

ND l—

I 448 i 22
134 k 7

1%
3%
4%

,E
53
5%
5%
4%
5%
5%
7%
9%

2%

3%

242 L 4
47.4 L2.6
11.7 ~3.8
1342 228
1443 231

431 *11
651 tlo
342 t 5
337 *6

71.3 53*3
17.9 *1*3

1 276 k 5
32329

100
I

2%
5%
3%
2%
2%
3%
2%
1%
2%
5%
7%

2%
3%

a~fficient of VariatiOn

k.ak was Not Eetetid
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<1% to 22% for vial A and from <1% to 35% for TE-1. The high C.V. In Tl=-1

belongs to dimethyl phenanthrene, which was present at a concentration nedr the

detection limit of the FID-GC. If this one high value 1s excluded from the

llst, tne next hiqhest coefficient of variation is only 9%, indicating th~t

very high precision was obtained in the FID-GC cfetermlnatlons.

The GC/MS data was quantified using two different methods. The first

method of GC/MS data reduction utilized a specific ion area, generally the

base peak, for quantitation. This method eliminates the contributions trom

co-elutlnq peaks in the sample (and is the same method that was used in data

reduction for the Sinclair Inlet GC/MS data). Tables 8-6 and 8-7 present the

results obtained on vial A and TE-1 using this method. The second method

utilized the total peak area of the compound on the reconstructed ion chromatu-

gram (RIC) for data reduction. Tables 8-8 and 8-9 present the results

obtained using this method. Althougn  this type of quantltdtlon parallels the

quantitation method utilized in FID-GC data reduction (and gives best agree-

ment with FIII-GC results), this method would be inaccurate lf co-elutlng pedks

were present. Generally, the specific ion method IS accepted as d more

accurate representative of what is truly present in the sample.
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TABLE 8-6. W+l@%?s IMZRCPLIBRATION W - VIAL A RESULTS FROM TRIFLI~~

GC/t’JIS  ANALYSIS WI’YLIZIM  A SFE~FIC ION AREA (gener~ly  the base
FUR lliTA REIXJC3XON

1

ANALYTE

a@thalene
-m2thyl.naFh#~ene
-methyl m@ti& ene
)i@enyl
,6--dtitiylna@ti~me
kcena@thene

Iuorene
henanthrene
mthracene
.-methyl@enanti  rene
1,6-dime#yl~enantira
IImranthrene
~ rene
=nz (a) anthracene
ixysene
3enzo(e) ~rene
~o(a)~rene
perylene
ilibenz (arh) anthra~ne

~~dixs

d8 - na@khalene
qo - acena~thene
‘12 - prylene

peak)

@@entratiom as Percent(%) of I-Std I

Calculations Based
on d-m@tidene

I-Std

;&sd

132 A 10
73.6 t3.0
72.7 & 5.7
96.4 * 5.1
66.5 &2.5
51.3 t 2.6

57.022.3
63.1 +1.6

97 L 19
89 & 18
67 ~ 13

44.5 A7.4
82*19
85~18
78 ~ 21
45 & 13
79 & 26
84~28
90 A 24
44 k 14

100
49.5 & 3.”

57 & 13

:.v.a

8%
4%
$%
5%
4%
5%

4%
3%

19%
20%
20%
17%
22%
22%
27%
29%
33%
33%
27%
33%

7%
23%

268 ~ 40 15%
149 * 17 H%
148 & 22 15%
lx A 25 13%
135 i 15 11%
104 & 3 3%

116 A 13 U%
128 ~ 12 9%
198 L 51 26%
la & 47 26%
137 * 35 26%

91 & 20 22%
168 & 46 27%
173 t 46 27%
159248 30%

91 & 29 31%
161357 35%
172 & 61 35%
IQ ~ 53 29%
90*30 34%

203 ~ 15 7%
100 —

1 15228 24%

m
----1C.v.

23%
19%
22%
22%
21%
22%

23%
22%
24%
23%
23%
19%
20%
19%
13%
12%
12%
12%

5%
10%

20%
22%

I

—
a~eff~cient of Variation is (W=)  “ (loo)
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TABLE 8-7. mA/NiFs INTERCMJJ3RATION Iv -TEST EXI!RACT1
RESQUiS FROM TRIPLJQYTE GC\MS ANALYSIS UTILIZ IDG A
SPECIFIC ION AREA (generally the base &eak) FOR
DATA REZXJCTION

1 . Concentrations as ~rcent ( %) of I-Std
.

mm

I
~ Calculations Based

on d-nagtkhalene
I-Std

Calculations Based
on d-acem@khene

I-Std

Calculations Bas
cp d-~rylene
“ I-Std

C*V. C.v.

i

1
69.6 31.0 1%
12.9 i 1.5 12%
4.7 ~1. 38%
1.9 &l.5 79%
2.3 ~ 0.9 39%
21.831.9 9%

115 ~ 27
21.0 33.:
7.3 kl.~
2.8 t 1.[
3.6 ~O. $
37 312

I?D
45. of5. c
685 3167
125 & 21

20.5 ~3.6

990- Y226
lltX5 2267
330 i 41
482 & 77
325 L39
374 t 51
89.4 &4.3
9.7 &4.7

166 341
68 & 15

100

23%
17%
1 9%
57%
25%
32%

11%
24%
17%
18%

170 *15
31.5 i 3.;
11.4 & 4.1
4.7 23.:
5.6 ~ 2.3
53.4 25.:

m
67.9 i 8.[
1010 k 21
187 & 15

31.7 &9. E
ND

1466 i62
1758 i 79
497 &63
722 &66
490 *73
563 i74
138 & 35
16 i- 11

2442 8
100

153 237

3%
10%
36%
74%
38%
10%

‘ 2-methylna@thal  ene
I-methylna@thalene
bi~enyl

12 ,6-dimethylnaphthalene
~ a~m@thene
~ 2,3,5-

trimethylnaphthalene
fluorene
phenanthrene
anthracene
l-methyl~enanthrene
3 ,6-dimethyl@vsnanthren
fl~r~threne
~rene
Eenz (a) anthracene
chrysene
benzo (e) ~rene
benzo(a) pyrene
p2rylene
dibenz (a,h) anthracene

d8 - na@zha3.ene
dlo - acenaphthene
d12 - perylene

N&
27.9 *4.4
414 &12

76.7 A 8.9
13.0 &4.3

600 ?40
720 A51
204 A33
296237
201 k37
231238
57 *16

6.6 &4.7
I

13%
2%
8%

31%

7%
7%

16%
13%
18$
16%
28?l
71%

4%
4%

13%
9%

15%
13%
25%
69%

3%

23%
23%
12%
16%
12%
4%
5%

48%

25%
23%

100 —
50,0 &l.3 3%
63 *17 27% 24%

1

acoefficienk  of Variation is (sol/x) *(100)

bPeak was Not EeteCted
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TABLE 8-8 . hxW@IFS IF7NKALI33RAT’1ON N - VIAL A RESULITS FRC@! TRIPLICATE
GVMS ANALYSIS UTILIZIK THE TWI?AL FE?JZ ARM FVR iY4TA RJZW31CRJ

Q.xIcentrat ions as *rCent ( % } of I-Std

Calculations 13aA Calculations Based Calculations Based
on d-na@thalene m d-acenzqhthene on d-prylene

I-Std I-Std I-Std

ANALYTE ;&Sd c-v-a ; ~ Sd C.V. ;tSd C.v.

na@thalene 127 A 13 10% 148 A 34 23% 191 * 77 40%
2-methyha@thalene 109 t 12 11% 126 229 23% 164 h 66 40%
l-metl$ylna~thalene 117 * 15 13% 137 A 34 25% 178 A 75 42%
bi~enyl 120 t 2 2% 139 * 19 14% 178 i 56 31%
2 ,6-dinethyh@hthalene 111 * 10 129 & 26 21% 167 t 63 38%
acenaphthene 9727 E 111 & 6 5% 141 k 34 24%
2,3,5-

trirnethylna~thalene 101 & 7 7% 117 223 19% 151 A 56 37%
flwrene

I

92&4 4% 106 A 13 12% 136 ~ 41 30%
~emnthrerw 123 ~ 26 21% 139219 14% 174 L 27 15%
anthracene 112 ~ 24 21% 128215 12% 159 i 19 12%
l-mthyl@enanthrene 120 & 25 21% 136 A 17 12% 169 t 21 12%
3,6+imethyl@enanthren 92223 25% 104216 16% 129 A 12 9%
flwranthrene I

I :~; : ;:
21% 127 A 15 12% 159 i 17 10%

pyr ene
1 105 A 23 ;;

135 i 13 10% 168 * 19 11%
benz (a ) anthracene

I
I 68&16 24%

119 A 13 11% 148 ~ 16
chrysene

11%
77 * 10 13% %ill 12%

benzo(e)pyrene I

I

231 & 37 16% 264 L 24 9% 331 A 59 18%
kenzo (a) pyrene 103 & 27 26% 116 L 18 16% 144 * 17 12%
psrylene 123 * 41 33% 138 A 32 23% 170 i 14 9%
dikenz [a, h) anthracene  ‘ 4 9 2 1 8 37% 54 k 14 26% 6739 14%

JMernal Stm&w&5

‘8 - m~thalene 100 — 115 * 15 13% 148 L 45 30%
(51 o - acena~thene 88 & 10 12% 100 — 126 A 24 19%
dl~ _ prylene 72 A 22 31% 81i17 20% 100 I -—

I

a~efficient of Variation is (~;) ● {100)



TA$LE 8-9 . N3Ai@YFS INIZRCAL13RATION IV - TEST EXTRACT  1 RESULTS FROM TRIPLICATE
GC/’MS ANALYSIS UTILIZIK THE TOTAL PEAK AREA FOR DATA REDUCTION

ANALYTE

naphthalene
2-mithylna@thalene
l-methylna~hthal ene
bi@enyl
2 ,6-dimethylnapMMLene
acena@t~ene
2,3,5-

trimethylnaphthal  ene
fluorene
@nenanthrene
ark~lracene
l-methyl@enanth  rene
3, 6-dimethylphenanthren~
fluman+d~ene
~rene
benz (a ) anthracene
chrysene
benzO ( e) pyrene
benzO (a) pyrene

psrylene
dibenz ( a ~ h) anthracene

internal WZlndards

da - napkkhal ene
q ~ - acenaphthene

’12 - ~rylene

67 .824 .9 7%
29.8 ~ 0..9 3%
16 .120 .8 5%
5.9~1.6 27%

10.6 tl.2 11%
50.6 il.7 3%

N@ —
51.8 &5.5 11%
388 & 2 <5
79 *1O 13%

23.3 t4.O 17%
ND —

54!3 & 2 <1%
717 *68 9%
200 ~27 14% “
291 t 26 9%
370 &128 35%
197 i 35 18%

58 i 17 29%
8.3 22.8 34%

100 —
82.2 AO.41 <1%
54 ~18 33%

82.525.6
36;3 AO. f
19 .531.0
7.1 fl.9

12.9 ~1.5
61.6 il.7

ND
63.1t 6.6
473 f4
%i13

28,4 L 4.9
ND

6 6 8 3 5
m3k85
244 A33
354 232
450 t154
240 ~ 43
71 L21

10.1 k3.4

1 21 .720 .7
100

65 A21
! ,

—

7%
2%
5%

27%
12%

3%

10%
<1%
14%
17%

<1%
1 o%
14%

9%
34%
16%
30%
34%

<1%
—-
33%

1382 57
61 ~ 24
32 ~10

11.3 22.6
21.0 ~5.2
103 *41

ND
103 ~32
788 L 294
155 .f 35

45.4 2 9.1
ND .

1112 t 409
1420 &380
393 ?91
577 & 162

I  :::;;8

L

111 ;25
15.5 L 2.3

203 Y75
167 *63

100
——

31%
37%
23%
20%
-—
37%
27%
23%
26%
72%
20%
22%
15%

37%
3&%

-.—

‘Coefficient of Variation is (sd/x)*(100)

%?eak was Not Detected

8-13



..-

(} , () BIBLIOGRAPHY

Adams, C.E., Jr and Neatherly, G.L. (19.21).
ment Stratification on an Oceanic Bottom
Vol 86, No. C5, pp 4161-4172.

Some Effects of Suspended Sedi-
Boundary Layer. J. Geophy. Res,

API (1976). Technical Data Book - Petroleum Refining. American Petroleum
institute, Washington, D.C.

Atlas, R. M. and R. Bartha  (1981). Microbial Ecology Fundamentals and Applica-
tions. Addison-!desley, Reading, MA,

Azam, F., and (). Helm-Hansen (1973). Use of Trltlated Substrates in the Stud.Y
of Heterotrophy in Seawater. Marine Biology. 23:191-196.

Bailey, N. J. L., A. M. Jobson, and M. A. Rogers (1973). Bacterial Ueqrada-
tion of Crude Oil: Comparison and Experimental L)ata. Chem. $eol .
11:203-221.

Baker, E.T. (1983). Suspended Particulate Matter Distribution, Transport, and
Physical Characteristics in the North Aleutian Shelf and St. George Basin
Lease Areas. NOAA Project No. R71208Y7.

Ball, J. S., and H. T. Rail (1962). Nonhydrocarbon Components of a Calltornla
Petroleum. Division of Refining, 42(3):128-145.

Bartha, R., and R. M. Atlas (1983). Transport and Transformations of Petro-
leum: Biological Processes (unpublished manuscript).

Bassln, J. J., and T. Ichiye (1977). Flocculation Behavior of Suspended Sedi-
ments and Oil Emulsions. Journal of Sedimentary Petroloqy, 47(2):671-677.

Bellar, T. A., and J. J. Lichtenberg  (1974). Journal of American Water Works,
66:703.

Blumer, M., M. Ehrhardt, and J. H. Jones (1973). The Environmental Fate of
Stranded Crude Oil. Deep Sea Research, 20:239-259.

Boehm, P. D., and D. L. Fiest (1980). Aspects of the Transport of Petroleum
Hydrocarbons to the Offshore Benthos During the IXTOC-I Blowout In the
Bay of Campeche. Proceedings of a Symposium on Preliminary Results from
the Sept. 1979 Researcher/Pierce IXTOC-I Cruise. Key Biscayne, Florlda,
(June 9-10). NOAA Off. Mar. Poll. Assessment.

Butler, J, N. (1975). Evaporative Weathering of Petroleum Residues: The Age
of Pelagic Tar. Marine Chemistry, Vol. 3, p. 9.

Cacchione, D. A. and Drake, O. E. (1982). Measurements of Storm-Generated
Bottom Stresses on the Continental Shelf. J. Geophys Res. Vol 87, No.
C3, pp 1952-1960.

9-1



‘+
-.

Caparel lo, D. M:, arrd P. A. La Rock (1975). A Radioisotope
Quarttlflcat~on  of Hydrocarbon Biodegradation Potential in
Samples. Microbial Ecology. 2:28-42.

Carslaw, H. S., and J. C. Jaeger (19!59).  Conduction of Heat in

Assay for the
Environmental

Sol?ds. Oxford
University Press.

chase, R. R. P. (1979). Settling Behavior of Natural Aquatic Particulate.
L?mnol. Oceanogr.  Vol 24, No.  3, PP 4 1 7 - 4 2 6 .,,

Clark, R. C.; and W. D. MacLeod,. Jr. (1977). Inputs, Transport Mechanisms and
Observed Concentrations of Petroleum in the Marine Environment, p.

# 91-223. In: D. C. Halins (cd.), Effects of Petroleum on Arctic and
Subar&tlc~rine Efivironments and Organisms. Academic press, New York.

Coleman, H. J., E.. M. Shelton, O. T. Nichols, and C. J. Thomson (1978).
Analyses of ROO Crude Oils from United States Oil Fields. BETC/RRi-
78/14, Ekrtlesville  Energy Technology Center, 13artlesville, Oklahoma.

Davies, J. T. (1957). Spontaneous Emulsification. Proceedings of the Interna-
tional Conqress on Surface Activity, 2nd, London, 1, 417.

Davies, J~ T. (1972). Turbulence Phenomena. Academic Press, inc., New York,
New York. ,.

de Lappe, B. !4., R. id. R~seborough, J. C. ShroPshlre, M. R. Sisteck, E. F.
Letterman, D. R. de Lappe, and J. R. Payne (1979). The Partitioning of
lJetro?eum- Related Compounds Between the tiuss~l Mytilus callfornianus and
Seawater In the Southern Califorrfia  Blqht. Dra~al Report 11-15.0,
Intertidal study of the Southern Califo~nia Bight, submitted’to  Bureau of

,Land Management, D.C. by the Bodega Marrine Laboratory, University of
California, and Science Applications, inc.

Oelaune, R. D., G. A. Hambrick, and W. Ii. Patrick, Jr. (1980). Degradation of
Hydrocarbons in Oxidized and Reduced Sediments. Mar. Poll. 8Ul~,
11:103-106.

.

Drake, D. E. (1976). Suspended Sediment Transport and Mud Deposition or
Continental Shelves. In: Marine Sed~ment Transport and Environment
Manaqment, edited by D. J. Stanley and 11. J. Swift, PP 127-158. Wiley-
Interscience, New York.

Duds, J. L. and J. S. Vrentas (1969). Perturbation Solutlons for Diffusion -
Controlled Moving Boundary Problems. Chemical Engineering Science
24:461-610.

Evacuations of World’s Import Crudes (1973). The Oil and Gas Journal, Tnc
Petroleum Publishing Co., Tulsa, Oklahoma, U.S.A.

Fd]]on, J. F., and K. M. Watson (1944). Tnermal Properties of Hydrocarbons,
Ndtlondl Petroleum News, June 7, p. 372.

‘+- 2



. .

t

Feely, R. A., J. D. Cline, and G. J. Massoth (1978). Transport Mechanisms and
Hydrocarbon Adsorption Properties of Suspended Matter in Lower Cook
Inlet. Quarterly Report, Pacific Marine Environmental Laboratory, NOAA,
Seattle, Wash.

Fuhrman, J. A., Ammerrman,  J. W., and F. Azam (1980). Bacterioplankton in the
Coastal Euphotic Zone: Distribution, Activity and Possible Relationships
with Phytoplankton. Marine Biology, 60, 20:201-207.

Fuhrman, J. A., and F. Azam ( 1980). Bacterioplankton Secondary Production
Estimates for Coastal Waters of British Columbla, Antarctica, and
California. Applied and Environmental Microbiology. 39(6):1085-1095.

Fuhrman, J. A., and F. Azam (1981). Thymidine  Incorporation as a Measure of
‘ Heterotrophic Bacterioplankton  Production In Marine Surface Waters:

Evaluation and Field Results. Marine B~ology (in press).

Gad, J. (1878). Arch. Anat. Physiol, pg. 181.

Gamson, B. W., and K. M. Watson (1944). Vapor Pressures and Critical Proper-
ties of Organic Compounds. National Petroleum News, May 3, p. 259.

Gearing, J. N. and Gearing P. J. (1982). Effects of Suspended Load and
Volubility on Sedimentation of Petroleum Hydrocarbons in Controlled
Estuarine Ecosystems. Canadian Journal of Fisheries and Aquatic Science.

Gearing, J. N., P. J. Gearing, T. Wade, J. G. Quinn, H. G. McCarty, J.
Barrington, and R. F. Lee (1979). The Rates of Transport and Fates of
Petroleum Hydrocarbons in a Controlled Marine Ecosystem and a Note on
Analytical Variability, p. 555-564, In: Proceedings, 1979 Oil Spill
Conference (Prevention, Behavior, Co~rol , Cleanup) 19-22 March, Los
AngelesY Calif.

Gold, P. I. (1969). Estimating Thermophysical  Properties of Liquid, Part 10;
Viscosity. Chemical Engineerring, July 14.

Gordon, D. C., P. D. Keizer, W. R. Hardstaff, and D. G. Aldous (1976). Fdte
of Crude Oil Spilled on Seawater Contained in Outdoor Tanks. Environ-
mental Science and Technology, 10(6):580-585.

Grant, H. L., Moilliet,  H. L., Vogel, W. M. (1968). Some Observations of the
Occurrence of Turbulence in and Above the Thermocline. J. Fluld Mech;
Vol 34, part 3, pp 443-448.

Griffiths, R. P., and R. Y. Morita (1980). Study of Microbial Activity and
Crude Oil-Microbial Interactions in the Waters and Sediments of Cook
Inlet and the Beaufort Sea. Final Reporrt to the NOAA OCSEAP Office,
Juneau, Alaska.

Groves, M. J. (1978). Spontaneous Emulsification. Chemistry and Industry,
(12), p. 417.

9-3



~urid]dch, E. R., and M. O. Hayes (1978). Investigations of Beach Processes.
In: The Amoco Cadiz Oil Spill. A Preliminary $clenttilc Report, W- N.
~ss (cd.), iYUAA/EPA Special Report, pp. 85-196.

Gundldch,  E. R., P. O. Boehm, M. Marchand, R. M. Atlas, O. M. Ward, and 0. A.
Wolfe (1983) , Science 221:4606, 122-129.

Gurwitsch. Wissenschaftliche  Grundlagen der Erdolbearbeitung (1913). Trans-
Iatlon by Moore, London, 1932, pg. 430. Chapman and Hdll ltd.

Harrison, W., M. A. Winnik, P. T. Y. Kwong, and D. Mackay (1975). Crude 011
Spills. Oisappearanceof Aromatic and Aliphatic Components from Small
Sea-Surface Slicks. Environmental Sc?ence and Technology, 9:231-234.

Hawley, N. (1982). Settling Velocity Distributions of Natural Aggregates. J.
Geophys. Res., VO1 87, No. C12, Pp 9489-9498.

Hayes, ?4. O., P. J. Brown, and J. Michel (1976). Coastal Morphology and Sedi-
mentation, Lower Cook Inlet, Alaska: With Emphasis on Po+entidi Oil
Spili Imports: Teen. Rept. No. 12-CRO, Coastal Research D~vision,  Dept.
of Geology, IJniv. of South Carolina, 107 pp.

Hayes, M. O. E. 1?. Gundlach, dnd L. O’Ozouville (1979). Role of Dynamic
Co~stal Processes in the Impact and Dispersdl of the Amoco Cadiz Oil
Spill (March, 1978), Brittany, Frdnce, p 193-200. In Pr=ings of the
1979 Oil Spill Conference, March 19-22, Los Angeles, ~A.

Hobble, FJ. E., Daley, R. J., and S. Jasper (1977). Use of Nucleopore  Filters
for Counting Bacteria by Fluorescence Microscopy. Applled and Environ-
mental Microbiology. 33(5}:1225-1228.

Hodson, R, E., Azam, F., and R. F. Lee (1977). Etfects of Four Uils on Marine
Bacterial Populations: Controlled Ecosystem Pollution Experiment.
Bulletin of Marine Science. 27(1):119-126.

Hougen, O. A., K. M. Watson, and R. A. Ragatz (1965). Chemical Process
Principles, Part I. John Wiley 3 Sons, Inc., New York.

Hudng, C. P. (1976). Solid-Solution Interface: its Role in Regulating the
Chemical Composition of Natural Waters. Transport Processes in Lakes and
Oceans. Proceedings of a Symposium held at the 8.2nd National Meeting of
the American Institute of Chemical Enqineers.

Hunt, J.R. (1982a). Particle Dynamics Seawater: Implication for Predicting
the Fate of Oischargerl  Particles. Environ. Scl. Technol, Vol 16, No. 6.
pp 3 0 3 - 3 0 9 .

(1982 b). Self-Slmllar Part~cle-Size Olstributions during Coagulation:
Theory and Experimental Verification. J. Fluid Mech, Vol 22, pp 169-185.

9-4



John, P., and 1. .Souter (1976). Anal. Chem.

Jordan, R. E., and J, R. Payne (1980).

5oulecy,  V1’oceedlr!gs,  vol. 41, l).

48:520.

Fate and Weathering of Petroleum
Spills in the Marine Environment: A Literature Review and Synopsis. Ann
Arbor Science Publishers, Inc., Ann Arbor, Michigan.

Kaminski and McBain (1949). Proc. Roy. Sot. A 198, Pg. 447.

Karickhoff,  S. W., D. S. Brown, and T. A. Scott (1979). Sorption of Hydro-
phobic Pollutants on Natural Sediments. Water Research, 13, P. 241.

Kovats, E. (1958). Helv. Chim. Acts, 41:1915.

Liss, P. G., and P. G. Slater (1974). Flux of Gases Across the Alr-.Sea Inter-
face. Nature, Vol. 247, January 25, p. 181.

Lloyd, J. B. F. (1971). Nature, 231(64).

Lloyd, J. B. F. (1971). J. Forensic Sci. Sot., 11(83).

Mackay, D., A. Bobra , and D. W. Chan (1982). Vapor Pressure Correlations for
Low-volatility Environmental Chemicals. Environ. Sci. Tech.
16(10) :645-649.

Mackay, D., J. Buist, R, Mascarenhas, and S. Paterson (1980). Oil Spill Pro-
cesses and Models, report submitted to Research and Development Division,
Environmental Emergency Branch, Environmental Impact Control Directorate,
Environmental Protection Service, Environment Canada, Ottawa, Ontario,
KIA 1C8.

Mackay, D. and K. Hossain (1982). An Exploratory Study of Naturally and
Chemically Dispersed Oil. Department of Chemical Engineering and Applled
Chemistry, University of Toronto.

Mackay, D. P. J. Leinonen, J. C. K. Overall, and B. R. Wood (1975). The
Behavior of Crude Oil Spilled on Snow. Arctic 28:9-20.

Mackay, D., and R. S. Matsugu (1973). Evaporation Rates of Liquid Hydrocarbon
Spills on Land and Water. The Canadian Journal of Chemical Engineering,
Vol . 51, p. 434.

Mackay, D., and W. Y. Shiu (1977). Aqueous Volubility of Polynuclear Aromatic
Hydrocarbons, Journal of Chemical Engineering Data, Vol. 22, #4, P. 399.

Mal inky, G. and D. G. Shaw (1979). Modeling the Association ot Petroleum
Hydrocarbons and Sub-Arctic Sediments, p. 621-624, In: Proceedings, 1979.

9-5



.

(h] Spill Conference (Prevent~on, Benavior, Control , Cleanup) , 19-22.
Mdrch, Los Angeles, Call f.-

McAullffe, C. (1966). Volubility in Water of Paraffin, Cycloparaffln, Olefln,
Acetylene, Cycloolefin, and Aromat~c Hydrocarbons. J. Phys. Chem.
70:1267-1275.

Mciluliffe,  C. (1977). Evaporation and Solution of Co to C,n Hydrocarbons from
Crude Oils on ‘the Sea Surface. In:
of Petroleum Hydrocarbons in Ma~ne
Press.

Medns, J. C., S. G. Mood, J. J. Hassett,
of Polvnuclear Aromatic Hydrocarbons

D. A. Mo!fe (ecl~~, Fate and Effects
Organisms and Ecosystems,

~nd M. L. Banwart (1980).
b.y Sediments and Soils.

mental-Science and Technology, 14(12), p-. 1524.

Meyers, P. A., and J. G. Quinn (1973). Association of Hydrocarbons
eral Particles in Saline Solutions. Nature, 244:23-24.

Pergamon

Sorption
Environ- e

and Min-

Meyers, P. A. and J. G. Quinn (1973). Factors Affecting the Associatlofi of
Fatty Acids with Mineral Particles in Sea Water. Geochimica et Cosmochi-
mica Acts, 37, P. 1745.

Mooney, M. (1951). The Viscosity of a Concentrated Suspension of Spnerical
particles. Journal of Col?oid Science, Vol. 6, PP. 162-170.

Owen, M. M. (1977). Problems 7n the Modeling of Transport, Erosion ~nd
Deposition of Cohesive Sediments. In: The Sea. Vol 6, edited by E. D.
Goldberg, I. N. McCave, J. J. O’Brien, and J. H. Steele, PP 515-537.
interscience, New York.

Parker , P. L. and S. Macko (lg78). An Intensive Study of the Heavy Hyclrocar-
bons in the Suspended Particulate Matter of Seawater, Ch. 11 of South
Texas outer-Continental BLM Study.

Pavlou, S. P, and R. N. !lexter (1979). Distribution of Polychlorlnated Bypne-
nyls (PCB) in Estuarine Ecosystems. Testing the Concept of Equllibrlum
Partitioning In the Marine Environment. Envlronmenta! Science and
Technology, 13(10), P. 65.

Payne, J. R. (1981). A Review of the Formation and Behavior of Water-in-Llil
Emulsions (Mousse) from Spilled Petroleum and Tar Ball Distributions,
C h e m i s t r i e s  a n d  F~tes i n  t h e  W o r l d ’ s  Uceans. B a c k g r o u n d  I n f o r m a t i o n  f o r
Ocean Sciences Board on “Inputs, Fates and Effects of Petroleum in the
Marine Environment,” National Academy of Sciences.

Payne, J. R., N. W. Flynn, P. J. Mankiewicz, and G. S. Smith (1980b). Surface
Evaporation/Dissolution Partitioning of Lower-Molecul  ar-Weiqht  Arom~tic
Hydrocarbons in a ~wn-Plume Transect fr~ the IXTOC-I Mellh+ad,  p. 239-
265. In: Proceedings of a symposium, Preliminary Results from the Sept.—

9-b



. .

1979 Researcher/Pierce IXTOC-I Cruise (June 9-10, Key Blscdyne, F~a.)
NOAA, Off. Mar. Poll. Assess.

Payne, J. R., B. E. Kirstein, G. D. McNabb, Jr., J. C. Lambach, ~= De
Oliveira, R. E. Jordan, and N. Hoin (1983). Multlvariate Analysls  of
Petroleum Hydrocarbon Weathering in the Subarctic Marine Environments
PP* 423-434. In: Proceedings of the 1983 Oil Spill Conference, San
Antonio, TX. Fe~ruary 28 - March 3, 1983.

Payne, J. R., B. ,E. Kirstein, R. F. Shokes, N. L. Guinasso, L. c~~rer, K. R.
Fite, R. E. Jordan, P. J. Mankiewlcz, G. S. Smith, W. J. Paplawsky, T. G.
Fanara, and J. Lambach ( 1980). Multivariant  ’ Analysis of Petroleum
Weathering Under Marine Conditions. Interim Quarterly Report Submitted
to National Oceanographic and Atmospheric Administration.

Payne, J. R., P. J. Mankiewicz, J. E. Nemmers, R. E. Jordan, S. Brenner, M. I.
Venkatesan, B. W. de Lappe, R. W. Risebrough,  G. F. Gould, and M. L.
Moberg (1979a). Southern California Outer Continental Shelf Baseline
Studies: Intercalibration of Participating liydrocarbon Laboratories.
Manuscript submitted in Oceans ’79 Conference Proceedings for oceans
Conference, San Diego, Cal~a, 15-19 September, 1979.

Payne, J. R., J. E. Nemmers, R. E. Jordan, P. J. Mankiewicz, A. D. Oester~e*
S. Laughon, and G. Smith (1979b). Measurement of Petroleum Hydrocarbon
Burdens in Marine Sediments by Three Commonly Accepted Procedures: Re-
sults of a NOAA Inter-Laboratory Calibration Exercise, Fall , 1978. Sub-
mitted to Dr. John A. Calder, Staff Chemist, OCSEAP, U.S. Department of
Commerce, National Oceanic and Atmospheric Administration, Environmental
Research Laboratory, Boulder, CO, January 1979. pp. 1-34, plus appendix.

Payne, J. R., G. S. Smith, P. J. Mankiewicz, R. F. Shokes, N. W. Flynn, V*
Moreno, and J. Altamirano  (1980a). Horizontal and Vertical Transport ot
Dissolved and Particulate-Bound Higher-Molecular-Meight Hydrocarbons from
the IXTOC-I Blowout, p. 119-167. In: Proceedings of a Symposium, Pre-
liminary Results from the Sept. ~79 Researcher/Pierce IXTOC-I Cruise
(June 9-10, Key Biscayne, Fla. ) NOAA, Off. Mar. Poll. Assess.

Poirier, 0. A., and G. A. Thiel (1941). Deposition of Free Oil by Sediments
Settling in Sea Water. Bulletin of the American Association of Petroleum
Geologist, 25(l), p. 2170.

Postma, H. (1967). Sediment Transport and Sedimentation in the Estuarine
Environment. In: ESTUARIES, Ed. by George H. Lauff., American Associa-
tion for the Advancement of Science. Pub No. 83.

Ramos, L. S. and P. G. Prohaska (1981). Sephadex LH-20 Chromatography of
Extracts of Marine Sediment and Biological Samples for the Isolation of
Polynuclear Aromatic Hydrocarbons. Jour. of Chromatography 211:284-289.

Raschevsky (1928). Z. Phys., 46, pg. !585.

9-7



Reid, R. C., J. M. Prausnitz,  and T. K. Sherwood (1977). The Propert~es of
Gases and Liquids, McGraw-Hi?l  Book Company, New York.

Ronsenow, W. M., and J. P. Hartnett  (1973). Handbook of Heat Transfer,
McGraw-Hjll Book Company, New York.

Ruby, A. and Majero, D. J., (1979). Environmental Sensitivity Index (ESI) for
Lower Cook Inlet (unpublished manuscript).

Smith, C. L., and W. G. Maclntyre (1971). ~nitla? Aging of Fuel Oil Films of
Seawater. Ift: Proceedlnqs of the 1971 Joint Conference on Prevention
aid Control—of Oil Splll~, p. 457-461. Pmerican
Washington, D.C.

Smith, J. (1977). Modellng of Sediments Transport  on
In: The Sea., Vol 6, edited by E. D. Goldberg,
O’Brien , and J. H. Steele, pp 539-577, Interscience,

Petroleum Institute,

Continental Shelves.
I. N. McCave, J. J.
New York.

Smith, J. D. and McLean, S. R. (1977a). Spatially Averaged Flow over a Wavy
Surface. J. Geophys. Res. Vol 32, No. 12, pp 1735-1746.

Sm~th, J. D. and McLean, S. R. (1977b). Boundary Layer Adjustments to Bottom
Topography and Suspended Sed~ment.  In: Bottom Turbulence, edited by J.
C. J. Nihoul, PP 123-152, Elsevier Scientific Vubllshing CO., The
Netherlands.

Stackelberg, !4., Klockner and Plohrhauer (1949). Kol loidzschr, 115, Pg. 53.

Steen, W. C., D. F. Paris and G. L. Baughman (1978). Partitioning of Selected
Polychlorinated  Biphenyls to Natural Sediments. Water Research, 12,
P.655.

Suess, E. (1968). Calclum Carbonate InteractIons with Organic Compounds.
Ph.D. Thesis. Lehigh Un~versity,  Bethlehem, PA.

Sulllvan, K. F., E. L. Atlans, and C. S. Giam (1982). Adsorption of Phthallc
Acid Esters from Seawater. Environmental Science and Tecyno?ogy,  16(7) ,
p. 428.

Sutton, C. and J. A. Calder (1974). $olubility of Higher-Molecular-Weight
n-Paraffins in Distilled Water and Seawater. Environmental Science and
Technology, 8:654-647.

Sutton, M. G. L. (1943). On the Equation of Diffusion in a Turbulent Med?um,
Proceedings of the Royal Society (London), A182, p. 48.

Tambo, N. and Watanabe, Y. (1979). Physical characteristics of floes - I.
The floe density function and aluminum floe. Water Research, VO1 13, PP
409-419.

9-8



Tebean , P. A (LCDR-USCG), D. Mackay, W.
McCurdy and S. Paterson (1982) . Oi”
Paper from Department of Chemical
Toronto, Ontario, Canada, M5S 1A4.

Telge, R. W. (1980). Petroleum Dlsti

.

Y. Shin, W. Stiver, K. Hassaln, D.
Weathering “Under Arctic Condltlons.

Engineering, University of Toronto,

lation Us~ng Korttes/Martin blK IV-B
Fractionators and Hi-Vat Skills. Kontes/Martin  CO. 68 PP.

Treybal, R. E. (1955). Mass-Transfer Operations, McGraw-Hill Book Company,
New York.

Twardus, E. .M. (1980). A Study to Evaluate the Combustlbillty
Physical and Chemical Properties of Aged oils and Emulsions.
Div., Environmental Emergency branch, Environmental Protection
Ottawa, ontario, Canada.

Twomey, S. (1977). Atmospheric Aerosols. Elsevier Scientific
Company. New York.

and Other
R and D

Serrvice,

Publishing

Vo-Dinh, T., R. B. Gammage, A. R. Hawthrone, and J. H. Thorngate (1978).
Synchronous Spectroscopy for Analysis of Polynuclear Compounds. Environ-
mental Science and Technology, 12(12):1297-1302.

Wade, T. L. and J. G. Quinn (1979). Incorporation, Distribution,  and Fate of
Saturated Petroleum Hydrocarbons in Sediments from a Controlled ~arine
Ecosystem. Marine Environmental Research, 3, p. 15.

Wakeham, S. F. (1977). Synchronous Fluorescence Spectroscopy and Its Appllcd-
tion to Indigenous and Petroleum-Derived Hydrocarbons in Lacustrine Sedl-
mentse Environmental Science and Technology, 11(3):272-276.

Walker, J. D., and R. R. Colwell (1976). Measuring the Potential Actlvlty of
Hydrocarbon-Degrading Bacteria. Appl~ed and Environmental Microbiology.
31(2):189-197.

Ward, D. M. and T. D. Brock (1978). Hydrocarbon Biodegradation in Hypersaline
Environments. Appl. Environ. Microbiol. 35:353-359.

Ward, D., R. M. Atlas, P. D. Boehm, and J. A. Calder (1980). Microbial f3~ode-
grarlation and the Chemical Evolution of Amoco Cadiz Oil Pollutants.
Ambio 9:277-283.

Watson, S. W., Novitsky, T. J., Qu~nby, H. L., and F. W. Valols (1977).
Determination of Bacterial Number and Biomass in the Marine Environment.
Applied and Environmental Microbiology. 33(4):940-946.

Winters, J. K. (1978). Fate of Petroleum Derived Aromatic Compounds In Sea-
water Held in outdoor Tanks, Ch. 12, South Texas Outer-Continental Shelf
BLM Study.

9-9



Yanq, W. C., and ti. Yang. (1977). Modeling of Oj? Evaporation in Aqueous En-
vi fonment. - Mater Research, Vol. 11, p. 879.

Zurcher, F. and M. Thuer (1978). Rapid Weathering Processes of Fuel Oil In
Natural Waters. Analysis and Interpretations. Environmental Science and
Technology, 12(7):838-843.

9-10


